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It is well known that the crystalline lens (henceforth lens) can oscillate (or ‘wobble’) relative to the eye-
ball at the end of saccades. Recent research has proposed that such wobbling of the lens is a source of
post-saccadic oscillations (PSOs) seen in data recorded by eye trackers that estimate gaze direction from
the location of the pupil. Since the size of the lens wobbles increases with accommodative effort, one
would predict a similar increase of PSO-amplitude in data recorded with a pupil based eye tracker. In four
experiments, we investigated the role of lens accommodation on PSOs in a video-based eye tracker. In
Experiment 1, we replicated previous results showing that PSO-amplitudes increase at near viewing dis-
tances (large vergence angles), when the lens is highly accommodated. In Experiment 2a, we manipulated
the accommodative state of the lens pharmacologically using eye drops at a fixed viewing distance and
found, in contrast to Experiment 1, no significant difference in PSO-amplitude related to the accommo-
dative state of the lens. Finally, in Experiment 2b, the effect of vergence angle was investigated by com-
paring PSO-amplitudes at near and far while maintaining a fixed lens accommodation. Despite the
pharmacologically fixed degree of accommodation, PSO-amplitudes were systematically larger in the
near condition. In summary, PSOs cannot exhaustively be explained by lens wobbles. Possible confounds
related to pupil size and eye-camera angle are investigated in Experiments 3 and 4, and alternative mech-
anisms behind PSOs are probed in the discussion.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction deviating oscillations caused by disorders such as the Niemann–
Post-saccadic oscillations (PSOs) refer to the period of instabil-
ity that can be observed in an eye tracker signal immediately fol-
lowing a saccade (see Fig. 1) (Larsson, Nyström & Stridh, 2013;
Nyström, Hooge & Holmqyist, 2013). There are at least three
important reasons to investigate PSOs. First, they complicate the
decision of where a saccade should end and consequently where
the next fixation should begin. This uncertainty is transferred to
higher order measures using fixation and saccades, such as average
fixation or saccade duration. Second, oscillations of different ocular
structures may have important perceptual implications (Deubel &
Bridgeman, 1995a, 1995b). Third, PSOs can originate from different
sources, which makes it difficult to separate neurologically
Pick type C disease (Leigh & Zee, 2006, p. 114) from those that orig-
inate from other sources, e.g., dynamic overshoot (Kapoula,
Robinson & Hain, 1986). The prevalence of PSOs largely depends
on individual factors and the principle used to record the eye
movements (Nyström, Hooge & Holmqyist, 2013). PSOs are partic-
ularly large (up to five degrees) in data recorded by Dual Purkinje
Image (DPI) eye trackers (Crane & Steele, 1985; Deubel &
Bridgeman, 1995a) measuring lens movement, but typically small
(<0.2 deg.) in data recorded with scleral search coils, which mea-
sure eyeball rotation (Kapoula, Robinson & Hain, 1986). This has
been explained by the fact that the lens moves inside the eyeball
during and directly after saccades (Deubel & Bridgeman, 1995a).

Despite being known for their high accuracy and precision,
scleral search coils and DPIs are being replaced by simpler-to-use
video-based systems estimating the gaze direction from the pupil
and corneal reflections (CRs) in the video image of the eye. The
underlying assumption of pupil-based eye trackers is that the pupil
movement is a good estimate of the eyeball rotation. Interestingly,
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Fig. 1. Saccades and post-saccadic oscillations (PSOs) recorded with a pupil based eye tracker (the iView X Hi-Speed system from SensoMotoric Instruments) at 500 Hz using
default settings. Data were collected from a participant who conducted horizontal, five degree saccades. No additional processing has been applied to the data after the
recording.
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PSOs also appear in high-end pupil based eye trackers such as the
EyeLink 1000 from SR-Research and the iView X Hi-speed system
from SensoMotoric Instruments (SMI).

Even though their appearance in the data has been long known,
the origin of PSOs in pupil-based eye tracker has recently caught
significant interest in parts of the eye movement community
(Kimmel, Mammo and Newsome, 2012; Nyström, Hooge and
Holmqyist, 2013; Hooge et al., 2013; Hutton, 2013). Kimmel,
Mammo and Newsome (2012) compared data from surgically
implanted coils in monkeys with simultaneous recording from an
EyeLink 1000 and reported significantly more and larger PSOs in
the EyeLink data. They argue that the PSOs may be a result of the
fact that the systems measure different ocular structures, with
the pupil moving relative to the whole eyeball. Recent findings
by Nyström, Hooge and Holmqyist (2013) verified this prediction
by measuring the discrepancy between the motion of the pupil
and the iris (estimating eyeball motion) immediately preceding
and following the end of a saccade; the pupil center oscillated with
a higher frequency and a larger amplitude than the iris center.

While the findings by Nyström, Hooge and Holmqyist (2013)
explain why we see PSOs in the data, they do not reveal the phys-
iological model of the oscillations. Given that the lens wobbles
directly after saccades, and the direct proximity between the lens
and the pupil (see Fig. 2), one could hypothesize that the pupil
oscillations are direct consequences of the lens wobble. There are
both theoretical predictions and ample empirical evidence that
the accommodative state of the lens influences the amplitude of
lens wobbles following saccades. According to Helmholtz’s theory
of accommodation, decreased zonular tension leads to higher
instability of the lens during accommodation (Glasser &
Kaufman, 1999). During saccadic eye movements this theory pre-
dicts a higher peak velocity and larger post-saccadic oscillations
of the lens during accommodation, which is in line with empirical
results by Deubel and Bridgeman (1995a) and He et al. (2010).
Fig. 2. An intersection of the human eye showing the close spatial proximity
between the lens and the iris. Is there a mechanical coupling strong enough to cause
the iris and therefore the pupil to oscillate during high acceleration saccades?
Adapted from Wikimedia commons.
Given a causal link between movements of the lens and the pupil,
one would predict the same general pattern for the pupil oscilla-
tions. This prediction was supported empirically by Hutton
(2013), who reported that PSOs recorded with an EyeLink 1000
increased at near accommodation with respect to duration and
amplitude as well as the number of oscillations and the proportion
of saccades showing PSOs. These findings were interpreted as if
lens wobble is a source of PSOs in pupil-based eye trackers.

The close proximity between the lens and pupil, as well as the
empirical findings by Hutton (2013) led us to hypothesize that lens
wobble is the main source of PSOs in pupil-based eye trackers. The
overarching aim of this paper is to test this hypothesis, which we
refer to as the lens–pupil hypothesis. This will be done by further
investigating the role of the crystalline lens and its accommodation
on PSOs in pupil-based eye trackers. In Experiment 1, we use the
SMI Hi-speed system to replicate Hutton’s experiment, where
properties of PSOs are quantified at different viewing distances
(i.e., degrees of accommodation). In Experiment 2a, to avoid the
possible confound of vergence angle, lens accommodation is
manipulated pharmacologically to induce a maximum and mini-
mum degree of accommodation while keeping the viewing dis-
tance fixed. In both experiment 1 and 2a we predict according to
the lens–pupil hypothesis that the maximally accommodated lens
will produce larger saccade peak velocity and larger PSOs than the
minimally accommodated lens. In Experiment 2b we compare
PSOs at near and far after pharmacological manipulation of lens
accommodation. Since the lens is either maximally or minimally
accommodated irrespective of vergence angle, we do, according
to the lens–pupil hypothesis, expect no or small difference in
PSO size.

To probe additional mechanisms behind PSOs, Experiments 3
and 4 are conducted to investigate the influence of pupil size and
eye orientation relative to the eye-tracker camera on PSOs. A sum-
mary of the experiments and their manipulations is provided in
Table 1
Overview of the experimental manipulations showing the independent variables (IV),
the manipulations, and whether the vergence angle and/or the degree of lens
accommodation are controlled for.

IV Manipulation Controlled for

Exp. 1 Accom. (high/low) Viewing dist. –
Exp. 2a Accom. (high/low) Eye drops Vergence
Exp. 2b Vergence (high/low) Viewing dist. Accom.
Exp. 3 Pupil size (large/small) Brightness Vergence/

Accom.
Exp. 4 Gaze direction

(�10;0;10 deg.)
Eye
orientation

Vergence/
Accom.



Table 2
Summary of saccade properties. Part. – initials of participants; Cond. – near (N) or far
(F); No. – number of saccades; PV – saccade peak velocity in deg./s; APSO – PSO
amplitude; AP1

PSO – PSO amplitude of P1.

Part. Cond. No. PV (M ± SD) APSO (M ± SD) AP1
PSO (M ± SD)

IH N 45 376.50 ± 63.84 1.51 ± 0.58 0.15 ± 0.11
IH F 58 318.11 ± 28.71 0.60 ± 0.24 0.09 ± 0.06
TC N 63 320.42 ± 30.21 0.96 ± 0.22 0.18 ± 0.15
TC F 47 270.61 ± 24.14 0.23 ± 0.22 0.16 ± 0.12
RA N 46 435.44 ± 61.70 2.34 ± 0.50 0.23 ± 0.16
RA F 57 317.48 ± 36.33 0.33 ± 0.19 0.11 ± 0.09
MN N 93 453.45 ± 75.59 1.79 ± 0.64 0.38 ± 0.28
MN F 90 370.35 ± 50.71 1.31 ± 0.38 0.20 ± 0.15

1 using robustfit in Matlab. See http://www.mathworks.se/help/stats/robust-
fit.html for details.
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Table 1. All experiments were conducted in accordance with the
Declaration of Helsinki, and informed consent was obtained for
experimentation with human subjects.

2. Experiment 1

2.1. Participants

Four people (three of the authors) participated in the study: MN
(age: 35 years, gender: m), RA (34/m), IH (47/m), TC (25/m).

2.2. Stimulus

The stimulus consisted of two 0.2 deg. white dots presented on
a black background. The dots were separated by five degrees hor-
izontally and were aligned vertically. Their center of gravity coin-
cided with the center of the screen.

2.3. Apparatus

Binocular eye movements were recorded at 500 Hz with the Hi-
speed system from SensoMotoric Instruments (Berlin, Germany)
using iView X v. 2.7.13 with default settings. Besides gaze direction
and pupil size, this system records the position of the first Purkinje
reflection (P1) in the eye image. The P1 is the result of incoming IR-
light reflected off the front surface of the cornea, and therefore
moves with the translation and rotation of the eyeball. Only data
from the left eye were analyzed and reported. The stimulus was
shown on a Samsung Syncmaster 60 Hz LCD monitor with resolu-
tion 1280 � 1024 pixels (380 � 300 mm) using Matlab v. 7.11.0,
R2010b and the Psychophysics Toolbox v. 3.0.9, rev. 2450.

2.4. Procedure

The participants were positioned such that the center of screen
was aligned vertically with the center of the eyes and horizontally
with the nose.

Eye movements were recorded at two different viewing dis-
tances: near (17 cm) and far (70 cm). These distances were similar
to values used in earlier studies reporting changes in eye move-
ments due to accommodation (Deubel and Bridgeman, 1995a;
Schachar et al., 2007; He et al., 2010; Hutton, 2013). In our case,
17 cm was the closest viewing distance allowed by the physical
setup.

Participants were instructed to conduct two saccades per sec-
ond between the stimulus dots during 60 s in each of the two con-
ditions (near/far). A recording was preceded by a 13-point
calibration covering an area of 20 � 10 deg. The center of the cali-
bration area was aligned with the center of the screen.

2.5. Data analysis

Saccade candidates were detected by the algorithm from
Engbert and Kliegl (2003) with a minimum saccade duration of
16 ms (eight samples) and k ¼ 4. Since PSOs complicate the deci-
sion of where a saccade should end, we have chosen to compute
saccade amplitudes from ‘saturated’ values, i.e., when the signal
reaches a stable x-value before and after the actual saccade. The
position of the saccade onset was computed as the median x-value
of 30 samples preceding the onset of the saccade candidate. Simi-
larly, the saccade offset position was the median of 30 samples fol-
lowing the PSO offset, as computed below. Saccade peak velocity
was taken as the largest velocity sample during the saccade.

Only horizontal saccades (<1 deg. vertical extent) with ampli-
tudes within 0.5 deg. of the target amplitude (5 deg.) were
included in the analysis. The amplitude of a PSO following a sac-
cade that passed this test was computed as follows:

1. A line was robustly fit1 to four points within a sliding window,
starting at the saccade peak velocity and ending 90 samples after
the end of the saccade.

2. The PSO started at the first location when the slope of the line
exceeded �0.02 deg./s.

3. Finally, the PSO amplitude was computed as the difference
between the y-coordinate at PSO onset and the first y-coordi-
nate after PSO onset where slope of the fitted line went below
0.02 deg./s.

Since this procedure is designed for leftward saccades, right-
ward saccades were ‘flipped’ before being included in the analysis.

Differences between viewing conditions and pharmacological
treatments were tested statistically in R v. 3.0.2 (R Core Team,
2013) using linear mixed effect models (Bates et al., 2013) with
random factors for modeling the participant-level intercepts and
slopes. Differences within participants across viewing conditions
were tested statistically using paired t-tests. PSO-amplitudes were
square-root transformed to approach a Gaussian-like distribution
before being used in the statistical tests. A t-value jtj > 2 or a p-
value p < 0:01 were considered to be statistically significant.

Finally, to investigate the contribution of overshoot from the
whole eye globe on PSOs, the P1 was extracted from the eye tracker
data. Since the P1-signal is not calibrated and mapped to spatial
coordinates on the screen, the PSO-amplitude of the P1-signal in
degrees is estimated by multiplying its amplitude in camera pixels
with the quotient of the saccade amplitude in degrees and the
amplitude of the saccade in camera pixels. The amplitude of the
latter was computed from ‘saturated’ values in the P1-signal, as
described above.
2.6. Results

General properties of the detected saccades are given in Table 2.
Overall, saccade peak velocities were about 23% higher at near
compared to far (near 402.14 ± 82.62 deg./s, far: 327.7
6 ± 52.99 deg./s, t > 2, cf. Table 3). Moreover, significant differ-
ences in saccade peak velocities were found when analyzing sac-
cades within each participant separately (all with larger saccade
peak velocity at near, p < 0:01 using paired t-tests).

Fig. 3 shows data from one participant performing five-degree
leftward saccades at near (a) and far (b) viewing distances. As
can be seen from the figure, there is a large difference in PSO-
amplitude and dynamics in the two conditions; PSOs at near have

http://www.mathworks.se/help/stats/robustfit.html
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Table 3
Results of the linear mixed effect model when predicting saccade peak velocity from
viewing condition (near and far). The table shows that velocities in the near condition
are significantly larger (t > 2) than those in the far condition. Significance is indicated
by ‘⁄’. Notice that the saccade peak velocities are log transformed before being used in
the model.

Estimate Std. error t value

(Intercept) 5.75 0.06 91.02
Near 0.21 0.03 5.97⁄
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Fig. 3. PSO-trajectories for five-degree saccades at two viewing distances: (a) 17 cm a
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considerably longer durations and larger amplitudes than those
from equally sized saccades at far.

Fig. 4 presents the difference in PSO-amplitude between near
and far for all participants. The results are given separately for left-
ward and rightward saccades. Most importantly, it can been seen
that the difference between the two conditions in terms of PSO-
amplitude generalizes to all four participants, irrespective of the
saccade direction. On average, the PSO-amplitude increased by
126% at near compared to far. This difference was significant (near:
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nd (b) 70 cm. The data show leftward saccades performed by participant RA, who
dividual saccades and the black line corresponds to the average signal. All saccades
k velocity.
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Table 4
Results of the linear mixed-effects model when predicting PSO-amplitude from
viewing condition (near and far) and saccade direction (adducting and abducting).
The table shows that PSO-amplitudes in the near condition are significantly larger
than those in the far condition, and that abducting saccades are significantly larger
than adducting saccades. Notice that the amplitudes are square-root transformed
before being used in the model. Significance is indicated by ‘⁄’.

Estimate Std. error t value

(Intercept) 0.80 0.17 4.78
Near 0.59 0.16 3.80⁄

Adducting �0.18 0.05 �3.30⁄

Near:adducting �0.12 0.07 �1.87
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Fig. 5. Relationship between saccade peak velocity and PSO-amplitude for five
degree saccades. Each dot represents a saccade/PSO pair from all saccades and
participants.

Table 5
Results of the linear mixed-effects model when predicting PSO-amplitude of the P1-
signal from viewing condition (near and far). The table shows that PSO-amplitudes in
the near condition were significantly larger than those in the far condition. Notice
that the amplitudes were square-root transformed before being used in the model.
Significance is indicated by ‘⁄’.

Estimate Std. error t value

(Intercept) 0.34 0.03 10.94
Near 0.10 0.03 3.38⁄

M. Nyström et al. / Vision Research 107 (2015) 1–14 5
1.63 ± 0.70, far: 0.72 ± 0.54, cf. Table 4). As with saccade peak
velocities, there were significant differences in PSO-size also when
participants were analyzed separately (all p < 0:01).

In agreement with previous work, there is a large individual
variation in PSO-amplitude across participants (Nyström, Hooge
& Holmqyist, 2013). It can also be observed that the PSO-amplitude
can vary for the same person depending on the direction of the sac-
cade, typically such that PSOs following abducting saccades have
0 50 100 150 200
−4

−2

0

2

4
IH

Time (ms)

x−
co

or
di

na
te

 (
de

g)

TC

0 50 100 150 200
−4

−2

0

2

4
IH

Time (ms)

x−
co

or
di

na
te

 (
de

g)

0 50 100 150 200
−4

−2

0

2

4
TC

Time (ms)

x−
co

or
di

na
te

 (
de

g)

0 50 100 150 200

Time (ms)

−4

−2

0

2

4

x−
co

or
di

na
te

 (
de

g)

Fig. 6. The first Purkinje image ðP1Þ-signal at near (upper panel) and far (lower pane
comparisons between the figures, the signals have been converted to degrees and cent
saccade candidate detected with the algorithm by Engbert and Kliegl (2003).
larger amplitudes (cf. Table 4). Similar finding have been reported
in data recorded from both scleral search coils (Kapoula, Robinson
& Hain, 1986) and DPIs (Deubel & Bridgeman, 1995a).

As can be seen in Fig. 5, there was a high and significant Pear-
son-correlation between saccade peak velocity and PSO amplitude,
both at near (r = 0.86, p < 0:01) and far (r = 0.81, p < 0:01). In the
remainder of this paper, we therefore omit saccade peak velocity
from further statistical analysis, and focus only on PSO-amplitudes.

Finally, as illustrated in Fig. 6, the differences between near and
far in the P1 signal were relatively small compared to the differ-
ences observed in the gaze coordinate signal, even though they
originate from the same underlying saccade. On average, the PSO
amplitude of the P1-signal increased significantly at near compared
to far (near: 0.26 ± 0.22, far: 0.14 ± 0.13, cf. Table 5).
2.7. Discussion

In summary, we found that both the saccade peak velocity and
the PSO-amplitude increased at near compared to far viewing dis-
tances. These results are in line with the findings by Hutton (2013)
as well as the hypothesis that post-saccadic wobbling of the lens is
a source of PSOs in pupil-based eye trackers. By measuring the P1,
it was found that oscillations of the whole eye globe also increase
significantly in the near condition. Importantly, the PSO-amplitude
in the gaze-coordinate-signal was higher by more than a factor five
than the amplitude of the P1-oscillations. However, since a change
in viewing distance affects other parameters than the lens accom-
modation, most importantly the vergence angle, we investigate in
Experiment 2a whether the effect of PSO-amplitude can be repli-
cated when lens accommodation is manipulated pharmacologi-
cally at a fixed viewing distance.
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Fig. 7. Eye image captured with the SMI Hi-speed system.

Table 6
Summary of saccade properties with a maximally amax and minimally amin accom-
modated lens at the far viewing distance. û represents the normalized pupil size,
defined as the horizontal pupil diameter divided by the horizontal diameter of the iris.

Part. Cond. No. PV (M ± SD) APSO (M ± SD) AP1
PSO (M ± SD) û

IH amax 81 274.86 ± 28.55 0.35 ± 0.22 0.12 ± 0.11 0.11
IH amin 87 268.95 ± 31.15 0.19 ± 0.15 0.13 ± 0.11 0.54
TC amax 66 280.12 ± 37.04 0.28 ± 0.15 0.12 ± 0.11 0.18
TC amin 66 278.99 ± 18.31 0.67 ± 0.21 0.16 ± 0.11 0.62
RA amax 65 323.56 ± 43.41 0.89 ± 0.27 0.14 ± 0.10 0.13
RA amin 61 373.33 ± 33.04 1.43 ± 0.35 0.13 ± 0.09 0.67
MN amax 102 363.24 ± 38.93 0.92 ± 0.23 0.23 ± 0.19 0.18
MN amin 100 390.65 ± 22.94 1.72 ± 0.54 0.29 ± 0.16 0.66
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3. Experiment 2a

3.1. Participants, materials, and procedure

The same participants, apparatus, and stimulus were used as in
the first experiment. The degree of lens accommodation was
manipulated pharmacologically by one drop of Cyclopentolat 1%
(minimizes the accommodation) or Isopto-Pilokarpin 2% (maxi-
mizes the accommodation). A detailed description of how these
substances affect the eye structures is provided in Rang et al.
(2003, p. 144). To maximize the effect of the eye drops, the record-
ing started 30 min after applying them to a participant. A full
experiment lasted less than one hour. Participants viewed the
stimulus at a fixed viewing distance of 70 cm in two conditions:
with pharmacologically induced minimum and maximum accom-
modation. Only the participants’ left eyes were manipulated.
Moreover, since the effect of Cyclopentolat could last for up to
24 h, the recordings for a participants were conducted on different
days, but always within three days.

After the saccade experiment was complete, participants were
asked to fixate a centrally located target for one second, during
which eye images were recorded. The eye images were collected
at 500 Hz and saved as grayscale JPEG images with a resolution
of 640 � 160 pixels, as illustrated in Fig. 7.
3.2. Data analysis

Data were analyzed using the methods described in Experiment
1. To reduce the variance in pupil size across different recordings,
the pupil size was calculated from the eye images and reported rel-
ative to the size of the iris. For each of the 500 images recorded
during the fixation task, five images were selected at random. Iris
and pupil borders were manually extracted from the selected
images, and the pupil size was taken as the average horizontal
pupil diameter divided by the average diameter of the iris.
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Fig. 8. PSO-trajectories for five-degree saccades with a maximally (a) and minimally (b)
All saccades were recorded at the far viewing distance, i.e., 70 cm.
3.3. Results

Saccade properties are summarized in Table 6. Fig. 8 illustrates
the effect of lens accommodation on PSOs for participant RA. In
contrast to Fig. 4 in Experiment 1, a pharmacologically induced
lens accommodation produced smaller PSO-amplitudes compared
to when the lens accommodation was reduced. The effect of treat-
ment on PSOs is further illustrated in Fig. 9. As can be seen from the
figure, a high degree of lens accommodation does generally not
lead to larger PSOs compared to a low degree of lens accommoda-
tion (max accom: 0.62 ± 0.37, min accom: 1.04 ± 0.75). On the con-
trary, none of the participants had their largest PSOs in the
accommodated state, and the PSO amplitude decreased on average
by 40% when the lens was in the accommodated state compared to
the non-accommodated state. As seen in Table 7, PSO-amplitudes
were the smallest in the control condition (no treatment), but
the differences between treatments were not significant. Further-
more, three of the participants (TC, t(45) = �8.34, p < 0:01; RA,
t(47) = �9.34, p < 0:01; MN, t(73) = �14.98, p < 0:01) had their
largest PSO-amplitudes when lens accommodation was reduced.
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accommodated lens. The data show leftward saccades performed by participant RA.
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Fig. 9. Effect of pharmacological lens accommodation on PSO-amplitude. The viewing distance was 70 cm during all recordings. Data from Experiment 1 (No Treatment) are
included for comparison.

Table 7
Results of the linear mixed effects model when PSO-amplitude is predicted by the
treatments (no treatment, maximum accommodation and minimum
accommodation).

Estimate Std. error t value

(Intercept) 0.74 0.12 6.29
Max accom. 0.02 0.13 0.14
Min accom. 0.20 0.21 0.95
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Fig. 10. The first Purkinje image ðP1Þ-signal with a maximally (upper panel) and minima
conducted at the ‘far’ viewing distance. To facilitate comparisons between the figures, t
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One of the participants, IH, had larger PSO-amplitudes when the
lens was in its accommodated state compared to the non-accom-
modated state. For this participant, however, both treatments
resulted in small PSO-amplitudes, both with respect to absolute
numbers and compared to the control condition (no treatment).

Fig. 10 shows the effect the eye drops have on the P1 signal. On
average, PSO amplitudes of the P1-signal were larger in the
RA MN

RA MN
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lly (lower panel) accommodated lens. The signals originate from leftward saccades
he signals have been converted to degrees and centered around zero on the y-axis.



Table 8
Results of the linear mixed effects model when PSO-amplitude of the P1-signal is
predicted by the treatments (no treatment, maximum accommodation and minimum
accommodation). Significance is indicated by ‘⁄’.

Estimate Std. error t value

(Intercept) 0.34 0.03 10.87
Max accom. 0.01 0.02 0.54
Min accom. 0.05 0.02 2.48⁄

Table 9
Summary of saccade properties with a maximally amax and minimally amin accom-
modated lens at the near viewing distance. û represents the normalized pupil size,
defined as the horizontal pupil diameter divided by the horizontal diameter of the iris.

Part. Cond. No. PV (M ± SD) APSO (M ± SD) û

IH amax 85 299.32 ± 40.91 0.95 ± 0.32 0.11
IH amin 62 298.02 ± 40.27 0.46 ± 0.24 0.54
TC amax 53 306.39 ± 22.62 0.89 ± 0.24 0.15
TC amin 7 293.31 ± 29.86 0.87 ± 0.11 0.63
RA amax 29 395.93 ± 46.62 1.61 ± 0.26 0.13
RA amin 48 407.33 ± 38.39 1.93 ± 0.48 0.66
MN amax 112 391.44 ± 61.07 1.41 ± 0.46 0.17
MN amin 43 384.09 ± 36.53 1.83 ± 0.58 0.65
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non-accommodated state compared to the accommodated state
(min. accommodation: 0.19 ± 0.14 deg., max. accommodation:
0.16 ± 0.15 deg.). While the former were not significantly different
from each other, P1-amplitudes in the non-accommodated state
were significantly larger than those in the control condition
(0.15 ± 0.13 deg., see Table 8).
3.4. Discussion

A pharmacologically induced lens accommodation did overall
not lead to larger PSO amplitudes compared to when the accom-
modation was reduced. Consequently, this result does not support
the lens–pupil hypothesis. Importantly, the rotation of the eyeball,
estimated by the P1, was largely unaffected by the pharmacological
manipulation (average differences less than 0.04 deg.), and is
therefore omitted from analyzes in the following experiments.
Since an increase in PSO amplitude was found in Experiment 1,
where viewing distance was used to manipulate lens accommoda-
tion, we investigate in Experiment 2b whether the vergence angle
could mediate the relationship between the lens- and the pupil
oscillations. According to the lens–pupil hypothesis, we expect
no or small differences in PSO-amplitude during the pharmacolog-
ical manipulations since the lens accommodation remains constant
between the near and far conditions. Hence, any observed differ-
ence is likely to be attributed to the change in vergence angle
and/or other factors associated with this change.
4. Experiment 2b

4.1. Participants, materials, and procedure

The participants and experimental setup were the same as dur-
ing the first two experiments. In this experiment, we also recorded
eye movements with pharmacologically manipulated lens accom-
modation in the near-condition, i.e., a viewing distance at 17 cm.
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Fig. 11. PSO-trajectories for five-degree saccades with a minimally accommodated lens
4.2. Results

A summary of the saccade properties at the near viewing condi-
tion is presented in Table 9.

Saccade trajectories from participant RA with a pharmacologi-
cally reduced lens accommodation can be seen in Fig. 11. The fig-
ure shows that PSO-amplitudes at near are about 0.5 deg. larger
than at far. Fig. 12 illustrates how the PSO-amplitude differs
between near and far for both treatments. Differences from Exper-
iment 1 are included for comparison. The figure shows that irre-
spective of whether the accommodative state of the lens is at its
maximum (near: 1.19 ± 0.46 deg., far: 0.63 ± 0.37 deg.) or mini-
mum (near: 1.29 ± 0.8 deg., far: 1.02 ± 0.74 deg.), PSO-amplitudes
are systematically larger in the near condition. This observation
is verified statistically in Table 10. PSO-amplitudes were signifi-
cantly larger at near also when each participant’s data were ana-
lyzed separately (all p < 0:01).

Furthermore, differences in PSO-amplitudes between near and
far were the largest in the control condition followed by the
accommodated state, and finally the non-accommodated state of
lens accommodation. There was a significant difference only
between the control condition and when the lens accommodation
was at its reduced state, as can be seen in Table 11.

4.3. Discussion

The PSO-amplitude increased at the near compared to the far
condition, irrespective of the accommodative state of the lens. This
provides further evidence that lens oscillation does not fully
explain PSOs observed in signals recorded with pupil-based eye
trackers. Instead, other factors associated with the change in ver-
gence angle and/or other effects related to this change are likely
to significantly influence the amplitude of PSOs. However, that
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at near (a) an far (b). The data show leftward saccades performed by participant RA.
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Fig. 12. Difference in PSO-amplitude between near and far viewing conditions. A positive values means that PSO-amplitudes at near are larger than those at far. Results from
Experiment 1 (No Treatment) are included for comparison.

Table 10
Results of the linear mixed effects model when PSO-amplitude is predicted by
viewing condition (near/far) while pharmacologically keeping the lens accommoda-
tion fixed in a maximally or minimally accommodated state. Significance is indicated
by ‘⁄’.

Estimate Std. error t value

(Intercept) 0.74 0.12 6.27
Near 0.34 0.05 7.29⁄

Min accom. 0.18 0.12 1.52
Near:min accom. �0.19 0.05 �4.07⁄

Table 11
Results of the linear mixed effects model when difference in PSO-amplitude between
near and far is predicted by the treatments (no treatment, maximum accommodation
and minimum accommodation). Significance is indicated by ‘⁄’.

Estimate Std. error t value

(Intercept) 0.74 0.12 6.29
Max accom. �0.45 0.32 �1.38
Min accom. �0.95 0.22 �4.35⁄
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the control condition (no treatment) produced the largest differ-
ences in PSO-amplitudes also suggests that the eye drops keep
some dynamic properties of the eye relatively constant across
the viewing conditions.
5. Experiment 3

Besides affecting the shape of the lens, the eye drops used in
this study also influence the size of the pupil; Isopto–Pilokarpin
constrict the pupil and Cyclopentolat dilates the pupil. In an
attempt to separate the effects of lens accommodation and pupil
size on PSO, an experiment is conducted where the pupil size
was manipulated by changes in brightness.

5.1. Participants, materials, and procedure

Four participants participated in the experiment. Two of the
participants, MN and RA, also participated in the previous experi-
ments. The other two were HG (age: 52 years, gender: m) and CL
(37, f) The apparatus and experimental setup were the same as
during the first two experiments. Eye movements were recorded
at the ‘far’ distance (70 cm) in two conditions: in a bright environ-
ment (183 LUX at the position of the eye) with the stimulus con-
sisting of a white background and gray dots and a dark
environment (<1 LUX) where the stimulus background was chan-
ged to black.

5.2. Results

The pupil size and PSO-parameters were extracted as described
in the previous experiments. Data on how the pupil was affected



Table 12
Summary of saccade properties with a small amax and large amin pupil size at the far
viewing distance. û represents the normalized pupil size, defined as the horizontal
pupil diameter divided by the horizontal diameter of the iris.

Part. Cond. No. PV (M ± SD) APSO (M ± SD) û

HG Bright 47 342.20 ± 34.43 0.56 ± 0.26 0.21
HG Dark 65 350.85 ± 53.10 0.79 ± 0.25 0.55
CL Bright 71 301.85 ± 23.29 0.84 ± 0.51 0.25
CL Dark 67 302.21 ± 27.34 0.93 ± 0.37 0.54
RA Bright 78 305.17 ± 41.32 0.26 ± 0.16 0.23
RA Dark 53 338.98 ± 40.55 0.45 ± 0.32 0.57
MN Bright 98 321.49 ± 36.37 0.68 ± 0.38 0.24
MN Dark 87 354.98 ± 38.40 0.88 ± 0.41 0.54

Table 13
Results of the linear mixed effect model when predicting PSO-amplitude from
viewing condition (dark and bright). The table shows that PSO-amplitudes in the
dark condition are significantly larger (t > 2) than those in the bright condition.
Significance is indicated by ‘⁄’. Notice that the PSO-amplitudes are log transformed
before being used in the model.

Estimate Std. error t value

(Intercept) 0.72 0.09 8.43
Dark 0.11 0.02 5.13⁄
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by the changes in brightness as well as how the change in pupil
size influences PSOs are provided in Table 12. A set of saccade tra-
jectories from participant RA is shown in Fig. 13. In RA’s case, the
PSO-amplitude becomes almost twice as large when saccades are
conducted in darkness and the pupil is large. Across all partici-
pants, there was a significant effect of viewing condition on PSO
amplitude, which increased by 18% in the dark condition (dark:
0.85 ± 0.25 deg., bright: 0.72 ± 0.27 deg., see Table 13). When ana-
lyzed individually, all participants besides CL (dark:
0.93 ± 0.37 deg., bright: 0.84 ± 0.51 deg., tð66Þ ¼ 1:92; p ¼ 0:08)
had significantly larger PSO amplitudes in the ‘dark’ condition.
PSO-amplitudes for all participants are shown in Fig. 14, divided
into abducting and adducting saccades.

5.3. Discussion

PSO amplitudes became on average 18% higher when recorded
in darkness with a large pupil size. While an attempt was made to
isolate the effect of pupil size on PSO amplitude, it should be noted
that other factors part of the accommodative response such as lens
shape may also have been affected. A complete separation of pupil
size and lens accommodation is difficult (impossible?) to imple-
ment. Moreover, the increase in pupil size from the bright to the
dark condition was smaller than the difference caused by the eye
drops (a factor 2.38 versus a factor 4.5), suggesting that the contri-
bution of pupil size in Experiment 2 may be even larger than
reported here. In summary, these results suggest that pupil size
may by an important factor to take into consideration when inves-
tigating post-saccadic portions of the eye-tracker signal.

6. Experiment 4

Another potential factor that could affect PSO is that fact that a
three-dimensional (3D) object, the eye, is projected onto a 2D
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Fig. 13. PSO-trajectories for five-degree saccades conducted in a dark (a) and a bright (b)
participant RA.
surface, the camera sensor. When the eye is observed from an obli-
que angle, the pupil shape changes its appearance in the eye image.
In this experiment, a practical approach is taken to address this
question by recording saccades of the same size for different angles
of the eye relative to the camera.
6.1. Participants, materials, and procedure

The same participants, instructions, and experimental setup
were used as in Experiment 3. Five degree saccades were con-
ducted as described in the previous experiment between white tar-
gets presented on a dark background. The targets were presented
at positions ðð�2:5;0Þ; ð2:5;0ÞÞ; ðð�12:5;0Þ; ð�7:5;0ÞÞ, and
ðð7:5;0Þ; ð12:5;0ÞÞ deg. Each of the three pairs of targets was dis-
played for 60 s. Between each presentation there was a three sec-
ond pause where participants were asked to blink.
6.2. Results

Saccade trajectories from participant RA are shown in Fig. 15.
Even though differences in PSO-amplitudes can be observed within
participants, they are generally small and unsystematic (Fig. 16).
On average, PSO amplitudes are not significantly different across
the different eye orientations (�10 deg.: 0.98 ± 0.27, 0 deg.:
0.95 ± 0.27, 10 deg.: 0.95 ± 0.31, see Table 15). More detailed infor-
mation about the saccades divided into participants and conditions
can be found in Table 14.
6.3. Discussion

Like the influence of dynamic overshoot of the eyeball on PSOs,
the gaze direction seems to have negligible effects on PSO-shapes
and amplitudes over the tested 20 deg. of the visual field. Future,
more detailed investigations of PSOs in relation to eye-camera
angles should ideally present targets on an iso-vergence screen
and consider individual variation in pupillary distance.
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environment, affecting the pupil size. The data show leftward saccades performed by
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Fig. 14. PSO-amplitude for large and small pupil sizes.
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Fig. 15. PSO-trajectories for five-degree saccades centered at (a) �10 deg. (b) 0 deg., and (c) 10 deg. The data show leftward saccades performed by participant RA.
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7. General discussion

Post-saccadic oscillations are commonly seen in eye-tracker
data due to lens and pupil oscillations immediately following sac-
cades. In this paper we investigated the pupil–lens hypothesis, i.e.,
that PSOs in pupil-based eye trackers occur mainly as a conse-
quence of lens wobbles, which we know from previous studies
increase at near compared to far accommodation (He et al.,
2010). In four experiments, PSO-amplitude was measured in
response to manipulations of lens accommodation and the poten-
tial confounds pupil size and eye orientation.

In the first experiment, we replicated and extended the results
by Hutton (2013) showing that saccade peak velocities increase
and PSOs have larger amplitudes at near compared to far accom-
modation. Based on these data we cannot reject the hypothesis
that lens wobble is a source of PSOs in pupil-based eye trackers.
In addition, we observed an abducting/adducting asymmetry with
respect to saccade peak velocity and PSO amplitude, similar to that
found with scleral search coils (Kapoula, Robinson & Hain, 1986)
and DPIs (He et al., 2010).

In Experiment 2a, we manipulated lens accommodation phar-
macologically and had participants conduct saccades identical to
the far condition in Experiment 1 (i.e., at 70 cm). According to
the lens–pupil hypothesis, we expected the pharmacological
manipulation leading to a maximally accommodated lens to pro-
duce larger saccade peak velocities and the largest-amplitude
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Fig. 16. PSO-amplitudes for three different gaze directions.

Table 14
Summary of saccade properties for different eye orientations.

Part. Cond. (deg.) No. PV (M ± SD) APSO (M ± SD)

HG �10 59 361.11 ± 58.83 0.73 ± 0.35
HG 0 63 335.35 ± 39.70 0.78 ± 0.28
HG 10 70 343.72 ± 46.46 1.00 ± 0.43
CL �10 70 349.96 ± 24.48 1.22 ± 0.35
CL 0 57 340.68 ± 21.92 1.24 ± 0.40
CL 10 46 347.07 ± 28.88 1.16 ± 0.42
RA �10 78 326.76 ± 29.42 0.50 ± 0.20
RA 0 82 335.79 ± 45.23 0.50 ± 0.25
RA 10 88 323.48 ± 58.68 0.45 ± 0.32
MN �10 93 532.20 ± 57.51 1.54 ± 0.28
MN 0 97 509.62 ± 60.54 1.36 ± 0.35
MN 10 96 504.37 ± 74.03 1.43 ± 0.37

Table 15
Results of the linear mixed effect model when predicting PSO-amplitude from eye
orientation. The eye orientation 0 deg. is used as baseline in the model. Notice that
the PSO-amplitudes are log transformed before being used in the model.

Estimate Std. error t value

(Intercept) 0.95 0.11 8.81
�10 deg. 0.01 0.03 0.53
10 deg. 0.01 0.04 0.29
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PSO and vice versa. However, we found no overall support for this
in the data. If anything, there was a distinct trend in the opposite
direction for three of the participants. Consequently, these result
do not provide any support of the lens–pupil hypothesis.

In Experiment 2b, the vergence angle was manipulated while
keeping the degree of accommodation pharmacologically fixed
(maximized or minimized). Overall, PSO-amplitudes at large ver-
gence angles (near) were larger than those at small vergence
angles (far). Consequently, a large degree of the increase in PSO-
amplitude at near in Experiment 1 can be explained by a change
in vergence angle and any associated effect of this change, rather
than pupil oscillations induced by the increase in lens accommoda-
tion. Taken together, the results from Experiments 1, 2a, and 2b do
not support the lens–pupil hypothesis, which predicts that lens
wobble is a main source of PSOs in pupil-based eye trackers.

Irrespective of whether a model including lens wobble or fluid
friction best accounts for PSOs in pupil based eye trackers, we
know that PSO-amplitude is highly correlated with peak velocity
(Experiment 1) and peak deceleration of the saccade (Kimmel,
Mammo & Newsome, 2012). A superordinate explanation to why
PSO-amplitudes are larger at near would therefore be if dynamic
overshoot of the eyeball increased at the near viewing distance,
something that would (fully or in part) account for the larger
PSO-amplitude found by Hutton (2013) and in Experiment 1. This
explanation was addressed by measuring whether the P1, repre-
senting motion of the eyeball, was influenced by viewing distance
(Experiment 1) and the pharmacological manipulations (Experi-
ment 2a). In agreement with Schachar et al. (2007) who tracked
the P1 using a DPI eye tracker, we found a significant but in abso-
lute terms small increase in PSO-amplitude of the P1-signal at near.
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While Schachar et al. (2007) observed a 0.04 deg. difference
between near (15 cm, 0.09 deg.) and far (70 cm, 0.05 deg.), we
reported a difference of 0.12 deg. (near: 0.26 deg., far: 0.14). One
possible explanation for the difference between the results by
Schachar et al. (2007) and those in this paper is the higher preci-
sion of the P1-signal acquired with the DPI. Regarding the effect
of pharmacological treatment on PSO in the P1-signal, the effects
were also small with difference less than 0.04 deg. Based on these
finding, we conclude that while eyeball rotation contributes to
PSOs in the eye-tracker signal, its relative influence is minor.

The eye drops used in the study, Pilokarpin and Cyklopentolat,
do not affect lens accommodation in isolation; Isopto-Pilocarpine
(2%) is a cholinergic drug that stimulates (muscarinic agonist)
receptors on smooth muscles in the eye. This induces contraction
of the m. ciliaris and m. sphincter pupillae. Cyclopentolat (1%) is
an anticholinergic drug (muscarinic antagonist) that prevents con-
traction of the same muscles. The most common side effects of the
drugs are blurry vision and changes in light sensitivity. These
effects are well documented and a logical consequence of the
affected accommodation and change in pupil size. If there are
any other side effects of the formulas that influences the lens sus-
pension or iris structure is to our knowledge not known. This could
theoretically change the dynamics of PSOs, inducing confounding
factors in the experimental design.

In Experiment 3, the most distinct effect of the drugs besides
the lens accommodation—the change in pupil size—was investi-
gated. On average, the PSO-amplitude increased by 18% when the
pupil size was large (55% of the iris) compare to small (23% of
the iris), a change of a factor 2.4 in pupil size. These results should
be seen in relation to the factor 4.42 change in pupil size due to the
pharmacological treatments (Experiment 2a, large: 62%, small:
14%) which led to an increase in PSO-amplitude of 67% (PSO-ampli-
tude large pupil size/min accommodation: 1.04 deg., PSO-ampli-
tude small pupil size/max accommodation: 0.62 deg.). One could
therefore speculate that part the increase in PSO-amplitude in
Experiment 2a is due to the increase in pupil size rather than
related to the accommodative state of the lens. Future manipula-
tions that better separate changes in pupil size from lens accom-
modation are probably required to provide a more fine-grained
answer to this question.

During version or vergence eye movements, the angle between
the eye and the camera typically changes. As an effect the pupil is
being filmed from different perspectives and the shape of the pupil
in the video image changes. In Experiment 4, the influence of such
changes on PSOs was investigated by having participants conduct
saccades at different eye orientations. The central 20 degree region,
where the majority of saccades are conducted in typical screen-
based experiments, was tested. Overall, we found no systematic
differences in PSO-amplitude based on gaze direction within this
range and conclude that eye orientation under normal experimen-
tal conditions is not a main factor that affects PSOs. It should be
noted that a more theoretical approach to investigate the effect
of eye-camera angles on PSOs could involve ray tracing (see, e.g.,
He et al., 2010).

Alternative mechanisms behind PSOs have been proposed in
research investigating the effect of intra-ocular lenses (IOL) on
post-saccadic instability of the eye. Jacobi and Jagger (1981)
emphasize the contribution of eyeball fluids to oscillations in the
iris, known as ‘iridodonesis’. Specifically, they argue that since
the eye is non-rigid, one would expect part of the kinetic energy
from saccadic eye movements to be dissipated through fluid fric-
tion. They propose that when the eyeball starts to accelerate dur-
ing a saccade, the aqueous stays behind the eyeball due to
inertia, and for the same reason oscillates at the end of the saccade.
Jacobi and Jagger (1981) further propose that the oscillation can be
modeled as a damped harmonic oscillation where the aqueous
comprise the mass, the iris stroma the spring, and the damping
is due to fluid friction. The model is used to explain why two dif-
ferent methods to insert IOLs generate different amounts of post-
saccadic IOL-wobbles.

In the ophthalmological domain, it is well known that the
absence of a lens gives rise to iridodonesis. This is since, under nor-
mal condition, the lens and its capsule comprise a stabilizing bar-
rier against fluid oscillation in the aqueous and vitreous cavity
(Srivastava, Vasavada & Vasavada, 2012). Due to the importance
of eyeball fluids and their visco-elastic properties on post-saccadic
oscillations in various ocular structures, it may be too simple to
explain PSOs in pupil based eye trackers as a direct result of lens
wobbles. Instead, a fluid based origin of PSOs suggests more com-
plicated, multifaceted explanations to why and when we would
expect to see oscillations of the pupil.

In light of the findings and the reviewed literature in this paper,
it seems as if there is no simple model that can fully describe PSOs
in pupil-based eye trackers. In a wider perspective, only five degree
saccades have been tested in this paper. It is well known that the
dynamics of larger-amplitude saccades changes (Collewijn,
Erkelens & Steinman, 1988), which raises the question of whether
these results can be generalized over a wider spectrum of saccade
amplitudes.

It is clear from the findings in this paper that differences in sac-
cade shapes and PSOs can be large depending on the situation
under which they are recorded. In practice, this means that basic
measures in eye movement research such as saccade peak velocity,
saccade amplitude, and fixation duration also may vary. One way
to deal with this uncertainty is to explicitly take PSOs into account
when detecting, e.g., fixation and saccade events. Such event detec-
tion algorithms have for instance been proposed by Nyström and
Holmqvist (2010) and Larsson, Nyström and Stridh (2013).
8. Conclusions

Through experimental and pharmacological manipulations of
crystalline lens accommodation, we tested the lens–pupil hypoth-
esis, i.e., that post-saccadic oscillations (PSOs) in pupil based eye
trackers primarily are caused post-saccadic wobbling of the lens.
While we could replicate previous research showing that PSO-
amplitudes increase at near viewing distances, when the lens is
in an accommodated state, the effect was absent when pharmaco-
logically manipulating lens accommodation at a fixed viewing dis-
tance. In summary, we rejected the lens–pupil hypothesis as well
as tested and discussed alternative explanations to why PSOs occur
in eye-tracker data recorded from pupil-based systems. Simulta-
neous recording of several eye structures during the same saccade
would provide important information about the components a suc-
cessful model that accounts for PSOs should include.
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