
Eye-Tracking Technology for Estimation
of Cognitive Load After Traumatic

Brain Injury

Ashley Safford1,2(&), Jessica Kegel1,2, Jamie Hershaw2,
Doug Girard1,3, and Mark Ettenhofer2

1 Henry M. Jackson Foundation for the Advancement of Military Medicine,
Bethesda, MD, USA

2 Department of Medical and Clinical Psychology, Uniformed Services
University of the Health Sciences, Bethesda, MD, USA

{ashley.safford.ctr,jessica.kegel.ctr,jamie.hershaw,

mark.ettenhofer}@usuhs.edu
3 Loyola University Maryland, Baltimore, MD, USA

doug.girard@gmail.com

Abstract. The goal of this study was to develop an eye-tracking based tool to
measure cognitive effort as an approach to assess injury-related changes in brain
function. A set of novel tasks were developed to examine changes in manual and
saccadic reaction time under varying levels of cognitive load and cuing con-
ditions. Twenty-six healthy individuals completed these working memory and
continuous monitoring tasks while eye movements were recorded. Results
indicate that these tasks, in combination with eye-tracking measures, are sen-
sitive to cognitive difficulty as manual and saccadic response times increased
under the higher load and invalid cuing conditions. These procedures show
promise for utility in measuring cognitive effort and track the subtle changes
associated with mild TBI.
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1 Introduction

Traumatic brain injury (TBI) is a significant and prevalent health concern for military
and civilian populations alike. TBI is often considered to be the “signature injury” of
the ongoing military campaigns as an estimated 1 in 6 deployed U.S. military personnel
have sustained a mild TBI [1, 2]. Similarly, events including motor vehicle accidents
and sport related concussion result in a large number of head injuries among the
civilian population. Although most who suffer a mild TBI recover successfully, many
others experience chronic post-concussive symptoms that lead to poorer outcomes.
Accurate characterization of injury is important for directing treatment and making
informed decisions regarding return to duty, work, or play.

Currently, the clinical tools commonly used to assess mild TBI have failed to show
differences in performance, indicating that these measures are insensitive to persistent
injury-related changes in cognitive function, behavior, or symptoms [3, 4]. However,
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anecdotal reports indicate that greater levels of effort are required by individuals with
TBI in order to achieve these similar levels of performance. Additionally, previous
research using fMRI has demonstrated that after mild TBI, larger groups of neurons are
required to maintain the same level of task performance [5]. This pattern of activation
could reflect greater degree of effort extended by the mild TBI group, and suggests that
measures of cognitive effort may provide a basis for estimating injury-related changes
in brain function.

The aim of this study was to develop a novel tool for assessment of mild TBI by
incorporating physiological correlates of cognitive load, as measured by eye movements.
Eye movements are often considered to be a reflection of cognitive processes, especially
attention, and provide a rich source of data to objectively assess neural functioning. In
addition to sharing cortical regions with attention, eye movements have also been shown
to be impaired in several neuropsychiatric disorders including Alzheimer’s disease [6],
Parkinson’s disease [7], schizophrenia [8] and even mild TBI [9–11].

The eye movement related measure utilized in this project is saccadic reaction time
(RT), or the amount of time it takes for an individual to respond to a stimulus by
moving their gaze from one point to another. Saccadic RT was used because RT is a
well-established framework for computer assessment of cognitive performance. Also,
saccadic RT has been shown to be influenced by both top-down and bottom-up cog-
nitive processes [12] but is minimally influenced by verbal, visual spatial and other
motor processes, allowing these measures to be embedded in a variety of other task
contexts [13, 14].

2 Methods

2.1 Cognitive Efficacy Tasks

To measure cognitive capacity, a set of novel tasks were developed to systematically
manipulate load. The complex dual tasks consisted of a saccadic target detection task
combined with either a working memory or continuous monitoring task. The saccadic
target detection task (Fig. 1) involved cuing participants to the location of subsequently
appearing targets. Participants were asked to fixate on the target as soon as it appeared,
then return their gaze to central fixation. Cues, left- or rightward facing arrows, were
presented centrally for 200 ms and provided either valid or invalid information about
the location of the target. Targets, white, blue or green circles, were presented
immediately following the cue for 1500 ms on either the right or left side of the screen.
Additionally, some trials were uncued. This combination of cues was designed to elicit
various attention processes with varying degrees of difficulty, corresponding with a
range of saccadic reaction times.

Simultaneous to the target detection task, participants performed one of two cog-
nitive tasks: (1) a modified n-back task to activate working memory processes (fusion
N-back), or (2) a continuous perceptual monitoring task (fusion color matching) to
activate sustained attention processes. Each task included three levels of difficulty.
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In the fusion N-back task, participants were asked to respond with a button press to
indicate the presence of the target (simple RT), the color of the target (choice RT), or
whether the current target matched the color of the previous target (1-back). In the
fusion color matching (CM) task, participants pressed a button to make the grey-scale
shade of a continually changing box match the shade of another simultaneously present
box that remained a constant shade; in this task, difficulty was manipulated by the rate
at which the dynamic box changed color (low, moderate, and high).

2.2 Data Acquisition

Stimuli were presented during eye-tracking data acquisition using presentation software
(neurobehavioral systems) on a Thermaltake PC with 4.01 GHz processing speed and a
19” LCD monitor with 1440 × 900 pixel resolution. Manual responses were recorded
using a Cedrus RB-530 response pad.

Consistent with previous research conducted in our laboratory [15], participants
were seated approximately 24” from the stimulus display and instructed to limit head
and body movements as much as possible. Gaze data were acquired at 120 Hz using an
Applied Science Laboratories (ASL) D6 high-speed (HS) desktop eye tracker. Gaze
vectors were calibrated using a 9-point rectangular calibration screen. Gaze data and
manual responses were synchronized with task event markers during data acquisition.

2.3 Data Processing and Analysis

Data were processed using ASL results standard (Version 2.4.3; ASL, 2011) to filter
blinks and identify fixations and saccades. Custom scoring software was then used to
perform a series of validity checks, remove invalid trials, and aggregate RTs across
trials as median scores. A minimum of 10 valid trials were required to obtain a sum-
mary median RT for each task condition.

Fixation 

Cue (1 of 3) 

Target 

Fig. 1. Saccadic target detection task
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Statistical analyses were conducted using the SPSS 22.0 statistical package.
Analyses included 3(load) × 3(cue type) repeated measures ANOVAs for manual and
saccadic RT. Participants without the required number (10) of valid trials to calculate
median RTs were excluded from the relevant analyses. Additionally, a one-way
repeated measures ANOVA was used to evaluate the influence of load (3 levels) on
performance of the color matching task.

3 Results

Manual and saccadic RTs were collected from 26 healthy control participants while
they completed a series of novel cognitive efficacy tasks. One individual was excluded
due to a failure to properly follow task instructions and another individual was missing
data for the CM task due to limited testing time. Additionally, due to technical diffi-
culties with recording eye movement data, some individuals did not have a sufficient
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Fusion N-Back Task

Fig. 2. Saccadic and manual RT from fusion N-back Task. SRT-simple reaction time;
CRT-choice reaction time; DC-directional cue; MDC-mis-directional cue; NC-no cue.
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number of valid trials (10) and were excluded from the analysis for which they had
insufficient data. Accordingly, the final sample was as follows: N-back saccadic RT
n = 16, N-back manual RT n = 15, color match saccadic RT n = 17, color match
manual performance n = 24.

Results demonstrate that both the fusion tasks were sensitive to increased cognitive
difficulty. Results from the fusion N-back task are shown in Fig. 2 and Table 1. These
results showed significant main effects of both load and cue type for saccadic RT (load:
F(2,30) = 8.506, p < 0.01, ηp2 = .362; cue type: F(2,30) = 19.979, p < .01, ηp2 = .571)
and manual RT (load: F(2,28) = 21.980, p < .01, ηp2 = .611; cue type: F
(2,28) = 17.412, p < .01, ηp2 = .554). However, there were no interactions between
load and cue type for either saccadic RT (F(4,60) = 1.169, p > 0.01, ηp2 = .072) or
manual RT (F(4,56) = 0.844, p > 0.01, ηp2 = .057).

Table 1. Saccadic and manual RT from modified N-back task

Saccadic RT Manual RT
Mean (ms) SD Mean (ms) SD

Simple RT
DC 198.4 36.19 453.5 134.97
MDC 251.6 36.52 491.8 128.12
NC 257.1 30.40 507.3 130.45
Choice RT
DC 218.4 37.77 569.7 137.85
MDC 270.8 51.69 594.9 130.85
NC 284.5 49.85 604.5 136.75
1-Back
DC 246.2 62.02 666.5 106.82
MDC 316.5 108.56 693.5 102.36
NC 295.5 85.09 723.9 108.46

DC-directional cue; MDC-mis-directional cue; NC-no cue.

Fig. 3. Saccadic RT and performance from CM task. DC-directional cue; MDC-mis-directional
cue; NC-no cue.
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These results demonstrate that both saccadic and manual responses were influenced
by cognitive load as well as cueing conditions. As would be expected, for both
modalities, RT slows as cognitive load increases. The effect of cue type indicates that
presenting spatially invalid information also slows response times relative to valid
information, but is still more helpful than not having a cue at all.

Results from the fusion CM task are shown in Fig. 3, Table 2. These results showed
significant main effects of load and cue type for saccadic RT (load: F(2,32) = 19.236,
p < .01, ηp2 = .546; cue type: F(2,32) = 22.807, p < .01, ηp2 = .588). Again, there was
no significant interaction between load and cue type (F(4,64) = 0.593, p > 0.01,
ηp2 = .036). There was also a main effect of load for CM manual performance, F
(2,46) = 17.269, p < .01, ηp2 = .429.

These results demonstrate that, similar to the fusion N-back task, in this task
saccadic responses are influenced by cognitive load as well as cueing conditions.
Again, increasing cognitive load leads to slower RTs and presenting cues reduces RTs,
especially when the cues provide spatially valid information.

4 Discussion

This study examined methods and tasks for manipulating and measuring cognitive load
using eye-tracking technology. Results demonstrated that analysis of eye-movements,
specifically saccadic reaction times, is a useful technique for measuring cognitive
processing. Additionally, the novel fusion tasks developed in this study were shown to
successfully manipulate cognitive load.

In the fusion N-back task, in addition to being influenced by cognitive load, both
manual and saccadic RT varied based on cue type such that compared to validly cued
target locations, responses were slower when invalid cueing information was presented.

Table 2. Saccadic RT from CM task

Mean (ms) SD

Low
DC 251.6 33.49
MDC 272.8 49.10
NC 307.9 49.90
Moderate
DC 311.0 59.04
MDC 312.4 52.16
NC 350.5 69.91
High
DC 329.0 73.44
MDC 335.9 79.51
NC 370.1 63.10

DC-directional cue; MDC-mis-directional cue; NC-no cue.
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However, the presence of some type of cueing information yielded an advantage over
the trials where there was no cue, suggesting that the cues (both valid and invalid)
provide valuable information about the timing of the impending target onset. Impor-
tantly, under the highest working memory load (1-back), saccadic RT is impacted more
by invalid directional information than a lack of timing information (MDC is slower
than NC). This pattern suggests that, for this task, when cognitive resources were
limited, there was a greater cost associated with processing invalid information. Sim-
ilarly, in the fusion color match task, results demonstrate that saccadic responses were
influenced by cognitive load as well as cueing conditions. For this task, the influence of
cue validity seems to be reduced in the moderate and high load conditions, suggesting
that under the higher workloads, only the timing information provided by these cues is
used and perhaps the spatial information is not fully processed. Interestingly, the two
fusion tasks, which activate different cognitive processes (N-back, working memory;
CM, perceptual monitoring and sustained attention), seem to have different effects on
participants’ use of directional cues; possibly reflecting how they access different
networks and processing streams.

These preliminary data from healthy controls demonstrate that these fusion tasks,
when used in conjunction with eye-tracking methodology, are sensitive to cognitive
load. These procedures will be useful for measuring the cognitive effort extended to
perform a task and establish a unique profile of the subtle deficits associated with mild
TBI. Follow-up research, currently underway, will evaluate the hypothesis that TBI is
associated with reduced efficiency of performance at increasing levels of cognitive
load. Ultimately, this technology could be generalized to detect and characterize other
changes in cognitive capacity such as those associated with training, stress, aging, or
other cognitive conditions.
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