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Abstract Saccades and hand-tapping are both potential
biomarkers in patients with Huntington’s disease (HD).
While it is well known that patients with manifest Hun-
tington’s disease display abnormalities in both of these
tasks, less is known about how these abnormalities pro-
gress over time, or to what extent premanifest patients are
affected. This study was designed to address these issues.
We examined premanifest and manifest Huntington’s
cohorts, together with a group of controls, over a 3-year
period. Data were collected using a portable head-mounted
saccadometer and a computerised hand-tapping device.
Both premanifest and manifest Huntington’s disease
patients display significant and systematic changes from
year to year in the parameters describing saccadic latency,
while controls remain unchanged. By contrast, although
hand-tapping was abnormal in HD patients, annual changes
were much smaller. Measuring the rate of progression of
saccadic abnormalities in manifest HD patients may pro-
vide a way to track disease progression, and thus help to
evaluate novel therapies to modify the disease. The clear-
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cut progression in saccadic abnormalities in the premani-
fest group may prove useful in the future as a predictor of
time to disease onset.

Keywords Saccadic eye movements - Hand-tapping -
Biomarkers - Huntington’s disease

Introduction

Although abnormal CAG expansion in exonl of the Hun-
tingtin (htt) gene predicts the eventual manifestation of
Huntington’s disease (HD), it does not provide a reliable
guide to the age at which overt disease will develop or how
quickly it will progress. Gross motor abnormalities, such as
chorea, are currently used to diagnose manifest disease;
however, they may be preceded by more subtle motor
changes, so that sufficiently sensitive tests may bring for-
ward the time of detection of the earliest motor manifes-
tations. Previous studies, examining longitudinal changes
in the motor function of individuals progressing from
premanifest to manifest, have demonstrated a significant
decline in rapid alternating movements of the extremities,
in stretch reflexes and ocular movements, particularly
optokinetic nystagmus [17] and saccadic velocity. Small
differences have also been described in response times,
whether for spontaneous movements such as alternate
button tapping, or in simple or choice reaction times to
external stimuli [15, 16]. Both simple as well as complex
(simultaneous and sequential) movements of the arm and
hand reveal explicit deficits of timing at different stages of
the disease. Simple timed motor tests such as finger dex-
terity, movement between two points, and walking tests, all
demonstrate deterioration over time in manifest HD [9, 30,
35]. Hand-tapping parameters differ between HD and
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control populations and show high reproducibly and cor-
relate with motor Unified Huntington’s disease rating scale
(UHDRS) changes over time in manifest cases of the dis-
ease [28]. However, how hand-tapping rate changes over
time in premanifest patients [3, 34] is currently unknown,
as is whether it can be used to define the transition to
manifest disease, as Saft, et al. [30] have suggested.

Huntington’s disease patients demonstrate a range of
oculomotor abnormalities, including impairment of sac-
cades and pursuit [26, 37]. Saccades are typically slow and
hypometric, and the more ‘voluntary’ types of saccade,
such as anti-saccades and memory guided saccades, are
particularly affected [5, 6, 24, 25]. Saccadic reaction times
or latency may be affected, though previously we have
shown that it is more useful to look not just at mean
latencies, but at their distributions, abnormalities of which
can provide important quantitative neurological informa-
tion that can be related to our knowledge of the underlying
neural mechanisms. This approach can distinguish pre-
manifest individuals from controls by virtue of the former
having an increased number of early saccades (responses
with unusually short latencies) [2]. Such findings are con-
sistent with other oculomotor studies that have demon-
strated the utility of saccadic latency measurement in
detecting early changes in HD [1, 3, 10, 11, 33].

In the present study, we have used two simple motor
tasks—saccadometry and repetitive hand-tapping—to
examine a large cross-sectional cohort of patients, and to
study the longitudinal change in two groups, one of pre-
manifest (PMG) individuals and one of manifest (MG),
over a 3-year period. Both tasks are quick and easy to
perform using a non-invasive portable device, and yield
data that can be fully characterised with a small (two or
three) number of parameters, based on the linear approach
to threshold with ergodic rate (LATER) model of decision
making (for more detail on the mathematical background
and experimental justification see [7], and for further ref-
erences see http://www.cudos.ac.uk/later.html). Our aim
was to see whether this approach could yield quantitative
measures of the decline of performance over time in MG as
well as PMG patients. If successful, such techniques could
be routinely employed to provide not only a better pre-
diction of disease onset, but also to serve as a more
objective and quantitative measure by which to assess the
effects of new therapies.

Materials and methods

Participants

The present study was approved by the local Regional
Ethics Committee and was conducted at the Cambridge

Centre for Brain Repair, UK. Participants were recruited
from the regional HD clinic at the Centre. All patients had
a positive genetic test for HD and were evaluated by an
experienced neurologist (RAB) using a standard neuro-
logical examination and the UHDRS to ascertain, with at
least 99% certainty, whether individuals had motor mani-
festations of Huntington’s disease. On this basis, partici-
pants were divided into three groups: manifest (MG), with
overt motor signs, premanifest (PMG), with no diagnostic
motor signs, and controls (C), who were usually the part-
ners/spouses of the patients and had no known neurological
disorder. All participants gave their informed consent after
the procedures had been explained to them.

Two populations of patients were examined. The first set
(Table 1), studied longitudinally over 3 years, consisted of
36 HD gene carriers, divided into a group of 18 PMG
patients and another of 18 MG patients, along with 12
controls. Because PMG individuals progress to MG with
time, it follows that the average age of PMG patients is
expected to be less than that of MG patients, and this is
indeed found in our groups. The mean age of the controls
lies midway between that of the PMG and MG patients.
The PMG patients were mostly not on any medication, with
only a few individuals (three out of 18) taking antide-
pressants (fluoxetine or citalopram). In contrast, most of
the MG patients were on various treatments including
olanzapine, carbamazepine and citalopram (Table 2). No
controls were taking any medication at the time of testing.

The second set of patients, studied cross-sectionally,
consisted of a group of 29 individuals who were preman-
ifest at the time of the study, along with 62 manifest
patients (Table 3).

Recording eye movements

Participants sat 1.5 m from a matt screen, with dim
ambient lighting. Visually guided horizontal eye move-
ments were recorded using a miniaturised infra-red 1 kHz
saccadometer, low-pass filtered at 250 Hz with 12 bit res-
olution (Ober Consulting, Poznan, Poland, [29]). It is
mounted on the patient’s head by an elastic strap and rests
comfortably on the nose; three built-in low-power lasers
project red 13 ¢cd m~? spots subtending some 0.1° in a
horizontal line in the midline at =10° [1, 2]. Because the
stimuli move exactly with the head, no head-restraint is
necessary; sessions are, therefore, comfortable for the
participants, including for the HD patients presenting with
chorea, and a great deal of data can be gathered without
fatigue.

Each trial began with the central fixation target dis-
played for a random fore-period of 0.5-1.5s. On its
extinction, one of the two peripheral targets appeared,
chosen at random, remaining illuminated until 25 ms after
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Table 2 Classes of medication for premanifest, manifest and control
groups in the longitudinal study

Number of patients on PMG (n = 18) MG (n =18) C (n = 12)

No medication 15 4 1
14
13

5

5

Antidepressants
Antipsychotics
Hypnotics

S O O w
S O O O N

Tetrabenazine

the end of the resultant saccade, or for 1 s, whichever was
shorter; participants were instructed to follow the target
with their eyes as it moved. Twenty calibration trials were
followed by 300 experimental trials, taking some 10—
15 min; aberrant records contaminated by blinks, excessive
head movement or other abnormalities were automatically
removed by the software, which was also used to determine
saccadic latency using an algorithm based on velocity and
acceleration. The resultant latency distributions were then
analysed using specialized software SPIC [8], calculating
best-fit LATER (http://www.cudos.ac.uk/later.html) parame-
ters (i, o and og) for each distribution (Fig. 2) by minimi-
sation of the Kolmogorov—Smirnov one-sample statistic [19].

Recording hand-tapping

Participants sat in front of the hand-tapping device, which
is a box with two push-buttons projecting from the top
30 cm apart, one red and one green [28]. They were
instructed to tap the buttons alternately as fast as possible
over a 45 s period, as timed by software on a laptop con-
nected to the device. Both hands were tested separately, the
dominant hand first. The successive intervals between taps
were recorded for each hand separately in order to generate
histograms of the distribution of intervals between con-
secutive taps. The statistics of these inter-tap intervals for
hand-tapping were then analysed in the same way as for
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Fig. 1 Reciprobit plots of cumulative distributions of reaction time in
a single manifest HD patient. a Manual responses for the left and right
hands (red and blue data points, respectively, and both combined
(green). The cumulative distribution is a straight line, indicating that
the reciprocal of reaction time follows a Gaussian distribution. b
Saccades responses. The reaction times are faster, with a larger
standard deviation, and there is an additional sub-population of early
saccades, lying on a line with shallower slope. In both figures the lines
represent asymptotes of best fit (minimisation of Kolmogorov—
Smirnov statistic) for the two parameters of the main distribution, u
and o, and for og, which describes the population of early saccades

saccades, using SPIC, calculating best-fit LATER param-
eters (4, o). Data were analysed using appropriate statis-
tical techniques, specified in the relevant parts of the results

Table 3 Characterisation and summary results of saccadometry and hand-tapping for the cross-sectional set of premanifest (PMG) and manifest

(MG) patient groups

PMG (n = 29) MG (n = 62) P

Age: mean £+ SD 46.10 £ 9.28 53.92 + 12.08 0.003
M:F ratio 14:15 32:30 0.80
Saccades

1 (reciprocal median saccadic latency): mean + SE (Hz) 5.17 £ 0.15 429 + 0.15 <0.01

o (SD of main distribution) mean £+ SE (Hz) 1.24 £+ 0.07 1.30 £+ 0.06 0.5

og (SD of early distribution) mean + SE (Hz) 5.40 £+ 0.30 5.10 £ 0.17 0.32
Hand-tapping

1 (reciprocal median hand-tapping latency): mean + SE (Hz) 343 +£0.11 2.29 + 0.11 <0.01

o (SD of main distribution) mean + SE (Hz) 0.31 + 0.02 0.48 + 0.04 <0.01
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Fig. 2 Summary of results, combining left and right responses, for
horizontal saccades in premanifest and manifest patient groups as
well as on a matched control population. For each of the distributional
parameters, f, 0 and o, the progressive values are shown for years 1,
2 and 3. Error bars represent one SE. y, ¢ = mean and standard
deviation of reciprocal latency (or promptness) for the main
population; o = standard deviation of the early population. For both
the PMG and MG patients, promptness is reduced (and therefore
latency increased) over years 1-3. Early saccades (og) follow a
similar pattern: both premanifest and manifest individuals steadily
decline from year 1 to year 3, but in this case there is an increase
between PMG and MG patients, which may relate in part to
medication. The controls show no significant change in any of these
parameters over the 3 years of the study

section; where required, it was first determined that dis-
tributions did not depart from normality (Shapiro—Wilk,
p > 0.05).

Saccadic and hand-tapping assessments were undertaken
at the same time as the clinical assessments, so that we
collected all the data in a single test session for each
participant.

Results
Typical distribution plots

Figure 1 shows the distributions of manual and saccadic
latencies for a typical gene-positive manifest HD patient.
Distributions of reaction times, whether manual or
saccadic, are usually skewed, with a long tail to longer
latencies. However, in general, the reciprocal of reaction
time, or promptness, follows a Gaussian distribution (and
is, therefore, more amenable to statistical analysis).
Consequently, if latency distributions are plotted cumu-
latively on a probit scale, using a reciprocal abscissa (a
reciprobit plot), they will be expected to generate a
straight line, as seen in Fig. 1a for the manual responses.
Such a distribution can be fully described by just two
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parameters; these are u, the reciprocal of the median
latency, and o, its standard deviation. A large value of u
corresponds to increased promptness or speed of
response, and thus a shorter latency; because of the
reciprocal relationship, the units for these two parameters
are s—', or Hz. A further advantage is that u is propor-
tional to a commonly used clinical measure of perfor-
mance in repetitive self-paced tasks such as hand-tapping;
namely, the number of movements made in a given period
of time.

For saccades (Fig. 1b), there is often additionally a
small sub-population of early saccades, that typically lie on
a different straight line with a shallower slope, intersecting
the infinite time axis on the right at p = 0.5. In this case, a
third parameter og, the standard deviation of this early
population, is also estimated. These are the parameters
analysed in this study, except in the case of hand-tapping,
for which no early responses are found in practice, so that
og does not exist.

Longitudinal population

As expected, the mean age of MG patients (55.2 years) was
significantly higher than that of PMG patients (45.5 years,
p < 0.05). The groups were otherwise well matched with
no significant difference in their sex balance or mean CAG
repeat length. The control group had a mean age which fell
halfway between the PMG and MG groups (50.1 years)
with a similar sex balance. These data are summarized in
Table 1.

Saccadic reaction times

Figure 2 shows the measured values of the saccadic dis-
tribution parameters for horizontal visually evoked sac-
cades in each of the 3 years for the two patient groups
(PMG and MG) and the controls. For both PMG and MG
groups, the values of u and o can be seen to decrease with
time, while ¢ appears not to vary, and this is confirmed by
paired ¢ tests comparing year 3 and year 1 (17 d.f: pu,
p = 0.033; g, p = 0.337; gg, p = 0.0005). The controls
showed no significant change in any of the parameters over
the 3 years of the study (p > 0.05 in all cases). Comparing
the PMG to MG groups for all 3 years together, it is
apparent that u is greater for the PMG group than for the
MG group, and this is confirmed by an unpaired ¢ test (53
d.f., p = 0.046); no significant difference (p > 0.05) was
found for either ¢ or og.

Hand-tapping

Corresponding results for hand-tapping are shown in
Fig. 3a, b. In contrast to the saccadic parameters, there are
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Fig. 3 a Summary of results for intervals between responses in hand-
tapping. For both the distributional parameters, u and o, the
progressive values for the two groups (premanifest and manifest)
are shown for years 1, 2 and 3 (the units are s~! or Hz). Error bars
represent one SE. The only significant difference observed with the
repetitive hand-tapping task between MG and PMG groups is in g,
with the MG group being significantly slower. No significant change
in any of these measures in the control population was seen during the
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Fig. 4 Cross-sectional correlation between measured values of u
(mean promptness, or reciprocal median latency) for hand-tapping
and for saccades; each point represents an individual patient (blue,
premanifest; red, manifest). The premanifest individuals (blue) form a
cluster that is distinct from that for the manifest (red). Considering
both groups together, there is a strong statistically significant
correlation (R = 0.44, p < 0.0001)

no significant changes in ¢ or ¢ within either group over
time (p > 0.05). When comparing the groups for all
3 years together, u is again significantly greater for the
PMG group than the MG group for all 3 years (Fig. 3a;
unpaired ¢ test, p < 0.001), but there is no significant dif-
ference in ¢ (p > 0.05). The controls showed no significant
change over time in either u or o (p > 0.05).

We also correlated the hand-tapping rate with UHDRS
motor scores, as was done previously in a manifest group

BSO

L]
o 50+ \' " PMG
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5 41 \'
2 30 $
" AN
© 20 - « S
2 .
S 10{

[}

2 0 “: Cal L - ]

o 1 2 3 4 5 6 T B
Rate of right hand taps [Hz]

same 3-year period. b Rate of right hand taps (measured over 45 s) for
both premanifest and manifest groups compared to the total UHDRS
motor score. For the PMG (red) group, the correlation of the absolute
number of taps with UHDRS is not significant as one would
anticipate, (R? = 0.014 and p = 0.66). For the MG (blue) group, the
correlation of the absolute number of taps with this clinical
assessment is statistically significant (R?> = 0.42 and p = 0.0069)

of patients [28]. Again, we showed that the right hand-
tapping rate correlated significantly and negatively with
total UHDRS motor score, but only for MG patients
(R* = 0.42 and p = 0.0069). For the PMG group there
was, as one might expect, no significant correlation
(R* = 0.014 and p = 0.66).

Cross-sectional population
Comparison of saccades and hand-tapping

Figure 4 shows the correlation of the measured values of u
for hand-tapping and for saccades for the cross-sectional
set of patients. Premanifest (n = 29) form a group visually
distinct from manifest (n = 62), the former lying above
and to the right, reflecting the increased values of u for
both hand-tapping and saccades that were noted in Figs. 2
and 3. Linear regression for the two groups individually
shows a rather weak correlation between manual and
saccadic values (PMG: R’ = 0.163, p =041; MG:
R?> = 0.32, p = 0.013), but considering both groups toge-
ther, the correlation is much stronger and statistically sig-
nificant (R = 0.44, p < 0.0001).

Correlation with expected number of years to disease onset
in PMG

We have used the IOWA HD calculator as described by
Langbehn et al. [20] to see whether the saccadic median
latency correlates with the expected number of years to
disease onset. We found no correlation in any of our motor
measures in any study year to estimate time to disease
onset in our PMG patients.

@ Springer
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Discussion

In this study, we have measured the longitudinal change in
premanifest and manifest HD individuals over a 3-year
period using two different techniques: saccadometry and
hand-tapping. One primary aim was to detect changes over
time and investigate whether the two techniques—one
measuring responses evoked by an external stimulus, the
other measuring internally evoked responses—were affec-
ted in similar ways by disease. We have shown that there
are significant differences in the distributional parameters
between the two groups: in the manifest group, median
latency is increased for both kinds of response, and the
incidence of early saccades is increased, but the slope (o)
varies very little. With the passage of time, there are
marked changes in the saccadic parameters, such that clear
progression can be seen over 12-month periods in both
PMG and MG patients. In particular, saccadic median
latency is higher (and promptness, therefore, lower) in the
MG patients than the PMG patients, and in both groups
increases steadily over time; however, the slope (o) is
constant over this same period. In addition, the incidence of
early saccades, like saccadic promptness, declines over
time within both groups, but with a marked increase
between the PMG and MG groups.

Stage of disease

It is clear that distributions of saccadic latency can dis-
tinguish PMG from MG patients [2], as well as show
steady monotonic changes over time. The current results
are consistent with previously published data [1, 4, 6, 10,
32, 38] showing the utility of saccadic measurements in
detecting the earliest changes in Huntington’s disease,
including—as we have shown previously—in premanifest
patients [2]. In addition, we have confirmed our earlier
findings of the utility of studying hand-tapping in HD,
which used a non-computerised version of the hand-tap-
ping device [28]. These measurements also very clearly
distinguish PMG from MG patients, even if they do not
seem to show significant changes over the 3 years.

Tracking disease progression

One striking aspect of the changes in the distribution
parameters in this study is the steady increase in saccadic
median latency over time for both MG and PMG groups,
equivalent to about 24 ms from year 1 to 3. Reaction times
tend to increase with age in the normal population, but only
by around 1 ms per annum [18]; in the control group for
this cohort there was no significant change. The incidence
of early saccades (og) shows a steady decline over time in
both groups, but with a marked increase between the PMG

@ Springer

and MG groups. The increase in the number of early,
unregulated, spontaneous saccades (og) in the transition
from PMG to MG could be regarded as being analogous to
the increase in spontaneous, unwanted movements of
chorea that currently define the onset of manifest disease in
HD. But the gradual decrease in og in both PMG and MG
groups is not what one would expect if indeed it is related
to chorea, and this trend is difficult to account for.

Caution is needed in comparing premanifest and mani-
fest patients, and interpreting changes over time in the
manifest group, because of the confounding effect of
medication. Currently, we do not have sufficient data to be
able to say how much of the changes described above—
including, for instance, the correlation seen in Fig. 4—are
due to the disease progression and how much to pharma-
cology. The only relevant data in this study are from the 18
MG patients, of whom four have had no medication over
the 3-year period. Their mean saccadic latency appeared
not to change significantly over this period (paired ¢ tests, 3
d.f: u, p=0.069; g, p=0.481;, og, p = 0.086). The
apparent sudden change in the value of hand-tapping, y, in
the absence of any discernible change over time in the
premanifest group, also suggests that some of the observed
changes could be influenced by medication. As this lon-
gitudinal study continues, premanifest patients will become
manifest, and we will then be able to resolve this funda-
mental question.

Predicting disease onset

The best-known algorithm that has been proposed as a
predictor of disease onset is the HD calculator, as described
by Langbehn et al. [20], which takes into account the age of
a premanifest individual together with their CAG repeat
length. If the mean saccadic latency were a predictor of
disease onset, one might expect it to correlate with the
output of the HD calculator. In fact, in our group there was
no significant correlation. This may be due to the fact that
our premanifest group was too far from disease onset
(using p for year 1, the expected number of years to disease
onset was 13.07 &+ 5.5; mean 4+ SD), and this formula is
generally applied to those individuals likely to develop
disease in the next 10 years. The incremental increase in
mean saccadic latency in the premanifest group as a whole
suggests strongly that regular measurements on an annual
basis may be a reliable method for estimating the onset of
manifest HD, and perhaps more useful than some of the
range of different approaches that have been adopted to
define the earliest abnormalities of HD, in particular,
measures of cognitive ability. Cognitive dysfunction in
attention, concentration, visuospatial abilities and memory
are present in the early stages of the disease and progress
over time. Previous studies [13, 15, 16, 31, 36] that have
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examined the cognitive changes in premanifest and early
stage HD individuals suggest that there may be early
changes, but have failed to identify criteria that could
provide a clear cut point of transition, in part because such
tests are intrinsically subjective and qualitative in nature.
Quantitative tools, such as the ones we present here, appear
to offer a relatively sensitive and precise means of
detecting abnormalities that progress over time in pre-
manifest patients, which can be deployed robustly in small
cohorts of patients.

Comparison of saccadometry and hand-tapping

Within both the premanifest and manifest groups, median
latency and the standard deviation for hand-tapping
remained stable over the 3 years. However, there was a
clear difference in median latency between the two groups;
the manifest group having a much longer latency (and
therefore lower promptness) than the premanifest group.

The two kinds of test, looking at different aspects of
motor control, are likely to be affected in different ways, at
different times by the disease process. As shown in Fig. 4,
when a linear regression for the two groups was applied to
each individual data set, there was only a rather weak
correlation, but when we considered the two groups toge-
ther, the correlation was much stronger and statistically
significant.

A further examination of the data from the PMG and
MG patients reveals other interesting similarities and dif-
ferences. Baseline values of median latency for saccades
and hand-tapping are correlated in both PMG and MG
patients, yet changes in latency over time do not correlate
in this way. This suggests that the two types of response are
differentially affected by progression of the disease
process.

Comparison of externally and internally triggered
movement

The saccadic system is widely distributed in the brain, and
is therefore affected by a broad range of neurological
conditions [25, 27]. That oculomotor impairments are one
of the first characteristics of HD to emerge [15-17, 21-23,
26, 37] is most probably due to the close involvement of
the cortex and basal ganglia with the saccadic control
circuit [12, 14], and, as such, provides an excellent research
tool [25]. In addition, the basal ganglia and their cortical
projections control internally generated movements such as
hand-tapping. In this study we, therefore, used two tasks
which differ not simply in what is being moved (hand or
eye), but also, and perhaps more profoundly, in how the
movement is evoked; purely internally in the case of hand-
tapping, in the sense that each movement is triggered by

the previous one, and purely externally in the case of
saccades.

The two kinds of test, looking at different aspects of
motor control, are likely to be affected in different ways at
different times by disease process. Comparing PMG and
MG patients, both similarities and differences emerge in
the results of the two tests. Baseline values of median
latency for saccades and hand-tapping are correlated in
both PMG and MG patients, yet changes in latency over
time do not correlate in this way. This suggests that the two
types of response are differentially affected by progression
of the disease process.

Overall, this study has shown, for the first time, that
significant changes over time can be found in both pre-
manifest and manifest individuals, but not controls, over a
3-year period. The simplicity and robust nature of the
assessments, coupled to their ability to detect significant
changes annually, make them attractive markers of disease
progression and potential predictors of disease onset.
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