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Abstract. Technology has transformed the science and practice of medicine. In this special mini-forum, data using digital
neuropsychological technology are reported. All of these papers demonstrate how coupling digital technology with standard
paper and pencil neuropsychological tests are able to extract behavior not otherwise obtainable. As digital assessment methods
mature, early identification of persons with emergent neurodegenerative and other neurological illness may be possible.
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Necessity is the mother of invention. The COVID-
19 pandemic has significantly altered the delivery
of health care including neuropsychological eval-
uations. Telehealth procedures previously deemed
either not possible or impracticable may become a
standard feature in health care after the COVID-19
crisis has resolved. Perhaps a serendipitous effect of
the COVID-19 crisis is the determination that stan-
dard paper and pencil clinical neuropsychological
evaluations can be administered electronically using
a digital medium. Using this technology, patients who

∗Correspondence to: David J. Libon, PhD, Department of Geri-
atrics and Gerontology, New Jersey Institute for Successful Aging,
School of Osteopathic Medicine, Rowan University, Glassboro,
NJ, USA. E-mail: libon@rowan.edu and Ganesh Baliga, PhD,
Department of Computer Science, Rowan University, Glassboro,
NJ, USA. E-mail: baliga@rowan.edu.

either cannot come to the office, perhaps because of
medical reasons or location, can benefit from these
much-needed services.

An equally exciting benefit of digital assessment
technology is the granularity of the data that can
be obtained. This is relevant for studies examin-
ing the effect of disease modifying medication to
treat neurodegenerative illness such as mild cognitive
impairment (MCI) and dementia such as Alzheimer’s
disease (AD). One reason that clinical drug trials
designed to treat MCI and AD have not been suc-
cessful is that by the time patients are recruited, the
illness may be too advanced. Neuropsychological
assessment is key for both a proper diagnosis and
as outcome measures to assess treatment efficacy. To
meet this challenge there is an urgent need to develop
neuropsychological assessment paradigms that can
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identify emergent pre-dementia syndromes as early
as possible.

Coupling digital technology with traditional paper
and pencil neuropsychological tests may be a way to
flag or identify subtle neuropsychological alterations
before patients actually meet current diagnostic crite-
ria for either MCI or dementia, such as AD or vascular
dementia. However, to realize the full potential of dig-
ital technology to identify emergent pre-dementia and
dementia syndromes at least two requirements should
be met. First, digitally administered tests should be
able to uncover and measure behavior not otherwise
obtainable using standard paper and pencil tests. Sec-
ond, this behavior should be used to operationally
define neurocognitive constructs known to under-
lie pre-dementia and dementia syndromes. The five
papers that comprise this special topic project fulfill
both requirements.

Emrani and colleagues [1] used an iPad to adminis-
ter and score the Backward Digit Span Test (BDST)
[2, 3]. The origins of digit span as a psychological
construct date from the work of Gottfried Leib-
niz (1646–1716). Leibniz suggested that individuals
have a finite capacity to prospectively process or
hold in mind information from the environment. He
termed this capacity the Span of Apperception [4].
In the nineteenth century, Ebbinghaus (1850–1909;
1885/1964) [4] was the first cognitive scientist to
show how span could be used as an experimental
paradigm to investigate memory and learning. In
America,1 Oliver Wendell Homes Pater (1809–1894;
1871) [4] made cogent observations about digit span
as a method to assess span of apperception, i.e., “in
uttering distinctly a series of unconnected numbers
or letters before a succession of careful listeners, I
have been surprised to find how generally they break
down, in trying to repeat them, between seven and
ten figures or letters” (Holmes, 1871) [4]. Emrani
and colleagues [1] administered the BDST to mem-
ory clinic patients classified using actuarial criteria
[5, 6] with MCI versus a group of memory clinic
patients not meeting criteria for MCI (i.e., non-MCI).
Analyses were undertaken consistent with constructs
drawn from the theory of executive attention [7]
and were confined to only trials where performance

1 Oliver Wendell Holmes, Sr., MD, a resident of Cambridge,
Massachusetts, was a very influential nineteenth century physi-
cian. In addition to his achievements as Dean of Harvard Medical
School, Holmes was a member of an illustrious group of Boston
literati and was a founder of the Atlantic Monthly magazine. In
addition to his other achievements Dr. Holmes is credited for
naming the city of Boston The Hub of the Universe.

was 100% correct. By analyzing the latency neces-
sary to generate all responses, Emrani and colleagues
[1] were able to differentiate MCI from non-MCI
patients.

The Digit Symbol subtest is drawn from the cor-
pus of intelligence tests authored by David Wechsler.
Since Wechsler’s publication of the original Bellevue
Intelligence Scale [8, 9], the basic format of this test
has changed very little. The patient is asked to use a
test key to transpose geometric symbols with their
corresponding Arabic numbers. The Digit Symbol
subtest is extremely sensitive to the presence of neu-
rocognitive impairment [10] because of the multiple
cognitive skills necessary for optimum performance.
For example, at a minimum, the examinee must be
able to produce written output (graphomotor skills);
visually track back and forth from the test key to the
test form (visual scanning); and locate the test items
(visuospatial ability). Performance improves to the
extent to which the examinee “learns” the symbol/
number pairs without referring to the test key for each
test item (incidental memory). The unique contribu-
tion of all three neurocognitive operations has been
explored by Joy and colleagues [11–13].

Andersen and colleagues [14] administered the
Digit Symbol subtest using a digital pen and ‘smart’
paper. In this research a standard version of the Wec-
hsler Adult Intelligence Scale Digit Symbol subtest
was administered to participants from the Long-
Life Family Study [15, 16]. Statistical analyses
found distinct trajectories for time spent ‘drawing’
versus ‘non-drawing’. Analyses revealed four ‘non-
drawing’ time trajectories. Selected participants in
these clusters obtained lower episodic memory
scores. Analyses of ‘drawing’ time also revealed four
performance trajectories. However, some of these
participants presented with weaker grip strength and
slower gait speed, but no differences in cognitive test
scores.

Parjane and colleagues [17] recorded speech using
a picture description task from dementia patients
diagnosed with corticobasal syndrome and primary
progressive non-fluent aphasia. Both acoustic and lin-
guistic parameters were calculated to provide a means
of measuring overall speech prosody and meaning-
ful between-group differences were reported. The
Clock Drawing Test (CDT) is a widely used and
popular neuropsychological test [18, 19]. In the com-
mand condition, patients are presented with a blank
sheet of paper and are asked to draw the face of
a clock showing the numbers and the two hands
set for ‘10 after 11’. In the copy condition, a pre-
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drawn model of a clock with numbers and hands
set for ‘10 after 11’ is presented, and patients are
asked to copy it. However, analog clock drawing sys-
tems can be very time consuming and difficult to
score [20, 21]. Recently, a digital clock drawing test
(dCDT) has been introduced [22, 23]. Davoudi and
colleagues [24] administered the dCDT to patients
diagnosed with AD, vascular dementia, and healthy
elderly controls. Using machine learning statistical
analyses, these researchers were able to extract motor,
kinematic and visuospatial features not otherwise
obtainable that classified patients and participants
into their respective groups. In a second paper,
Davoudi and colleagues [25] asked the question -
what exactly is a normal clock? Using digital tech-
nology, elements such as the size and shape of the
clock face, and digit and hand placement are easily
measured, providing much needed quantification of
patients’ drawings.

Digit Span Backward, the Digit Symbol subtest,
analysis of speech, and the Clock Drawing Test are
among the oldest and most thoroughly researched
neuropsychological tests and paradigms. Writing
during a time before digital assessment technology
was available, Edith Kaplan [18, 19] championed the
analysis of errors, and the process by which tests are
completed as a means of understanding brain and cog-
nition. All these papers provide excellent examples of
Kaplan’s Process Approach [26] and show how dig-
ital technology can extract behavior not otherwise
obtainable, i.e., how to identify and operationally
define the process by which tests are completed. Col-
lectively, the data presented in these papers show
how digital technology can calculate potentially sen-
sitive clinical neurocognitive biomarkers that may
flag early emergent neurodegenerative illness.
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