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ABSTRACT
In the widely used Corsi Block Test and Wechsler Spatial Span Tests, participants must reproduce
sequences of blocks in the order touched by the examiner until two trials are missed at the same
sequence length. The examiner records either the maximum number of blocks correctly
reported or the total number of correct lists. Here, we describe a computerized spatial span
test (C-SST) that uses psychophysical procedures to quantify visuospatial mean span (MnS)
with sub-digit precision. Results from 187 participants ranging in age from 18 to 82 years
showed that accuracy declined gradually with list length around the MnS (by ∼30% per
item). Simulation studies revealed high variance and biases in CBT and Wechsler measures,
and demonstrated that the C-SST provided the most accurate estimate of true span (i.e., the
sequence length producing 50% correct). MnS declined more rapidly with age than mean
digit span (MnDS) measured in the same participants. Response times correlated with both
MnS and MnDS scores. Error analysis showed that omission and transposition errors
predominated, with weaker primacy and recency effects in spatial span than digit span
testing. The C-SST improves the precision of spatial span testing and reveals significant
differences between visuospatial and verbal working memory.
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Introduction

Spatial span tests (SSTs) of visuospatial memory are widely
used both in clinical settings and in developmental studies
of spatial working memory (Berch, Krikorian, & Huha, 1998).
The most common SST is the Corsi Block Test (CBT) (Corsi,
1972). In the CBT, the participant is presented with a set of
nine blocks fixed to a checkerboard-sized board. The
blocks are tapped in sequence by the examiner, beginning
with a sequence length of two blocks. The participant’s task
is to reproduce the sequence by touching each block in the
same order as the examiner. Two sequences are presented
at each length. If the participant can correctly reproduce
either sequence, list length is increased by one additional
block. Testing ceases when the participant misses both
test sequences, and maximal span is quantified as the
length of the longest block sequence correctly reproduced
(Beblo, Macek, Brinkers, Hartje, & Klaver, 2004; Claessen,
van der Ham, & van Zandvoort, 2014; Fournet et al., 2012;
Kessels, van den Berg, Ruis, & Brands, 2008; Kessels, van
Zandvoort, Postma, Kappelle, & de Haan, 2000; Ostrosky-
Solis, Jaime, & Ardila, 1998; Tamayo et al., 2012).

The Wechsler Memory Scale (WMS) 3rd edition SST uses
the same trial delivery and test-termination rules with a set
of 10 blocks (Wechsler, 1997), but scores the test by

counting the total number of trials reported correctly,
regardless of length (Lo, Humphreys, Byrne, & Pachana,
2012; Wiechmann, Hall, & O’Bryant, 2011; Wilde, Strauss,
& Tulsky, 2004). Finally, Kessels and colleagues used a 9-
block display but report both maximal span and total
weighted span, the product of the maximal span and the
number of total correct trials (Claessen et al., 2014;
Kessels et al., 2000; Kessels et al., 2008).

Other investigators have used different sequence deliv-
ery and termination rules. For example, Capitani, Laiacona,
and Ciceri (1991) presented three trials at each length and
terminated testing when the participant missed two of
three sequences, and Orsini et al. (1986) presented five
trials at each list length and terminated testing when the
participant missed three of five trials. In contrast, Farrell
Pagulayan, Busch, Medina, Bartok, and Krikorian (2006) pre-
sented five trials at each length, but quantified maximal
span as the length where a participant could reproduce
at least one sequence correctly.

Table 1 provides a summary of spatial span measures
obtained on different SSTs. Comparisons of the results
from different studies are complicated by the different
methods used for test administration and scoring (Berch
et al., 1998). Nevertheless, significant age effects are
evident in virtually all studies of spatial span (Brunetti,
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Del Gatto, & Delogu, 2014; Capitani et al., 1991; Fournet
et al., 2012; Monaco, Costa, Caltagirone, & Carlesimo,
2013; Orsini et al., 1986; Ostrosky-Solis et al., 1998; Wilde
et al., 2004). Age effects are relatively large in most
studies, with declines exceeding a full digit between the
ages of 20 and 80 (Orsini et al., 1986). Moreover, in
studies comparing age-related declines in spatial span
and digit span tests, the rate of decline is typically
greater for spatial span (Hester, Kinsella, & Ong, 2004;
Orsini et al., 1986; Park et al., 2002; Wilde et al., 2004), con-
sistent with greater age-related declines in spatial than
verbal working memory. Other factors, including sex and
education, have more variable effects on spatial span.
Some studies have found better performance in male par-
ticipants (Capitani et al., 1991; Fournet et al., 2012; Orsini
et al., 1986), while others have failed to find significant
sex differences (Kessels et al., 2008; Monaco et al., 2013).
Similarly, education has a small but significant effect in
many studies (Fournet et al., 2012; Kessels et al., 2008;
Orsini et al., 1986), but other studies have failed to find sig-
nificant education-related differences (Capitani et al., 1991).

Traditional SST paradigms suffer from four limitations: (1)
Biased sampling of span. Because testing proceeds exhaus-
tively through short lists and halts once longer lists are
missed, more lists are sampled below than above maximal
span. As a result, the maximal span measure is biased rela-
tive to “true span”, the list length where participants
would correctly identify 50% of lists (see below). In addition,
fewer trials are presented to participants with shorter spans.
(2) Single digit measurement precision. Previous studies have
suggested that accuracy of report declines gradually with
list length, with participants correctly reporting 20–30% of
lists presented one digit above their maximal spans (Brunetti

et al., 2014). This continuous function is poorly captured by
single digit precision metrics such as maximal span. More-
over, many participants will have identical maximal span
scores despite differences in performance (see below). (3)
Fixed stimulus sequences. The layout of blocks remains
unchanged throughout traditional tests, and each partici-
pant is tested with the same block sequences at each
sequence length. However, the procedures used for creating
the block layout and selecting the standard block sequences
are not specified. Sequence selection is an important
variable because previous studies have found that factors
such as overall path distance and the number of path cross-
ings can significantly influence performance; for example,
some shorter sequences with greater path distance and
more crossings are often more difficult than simpler
sequences that contain more blocks (Busch, Farrell,
Lisdahl-Medina, & Krikorian, 2005; Claessen et al., 2014;
Kessels et al., 2000; Orsini, Simonetta, & Marmorato, 2004;
Smirni, Villardita, & Zappala, 1983). Since path distance
and configuration will inevitably differ between any two
sequences, the sequences used at each list length will inevi-
tably vary somewhat in difficulty. Moreover, the increases in
difficulty associated with increasing list length may also be
somewhat unequal. (4) Examiner influences. Test perform-
ance depends on difficult-to-standardise cues provided by
the examiner. In most tests, the examiner touches each
block at intervals of 1.0 or 1.5 s. However, examiners differ
as to how the blocks are touched (Orsini et al., 1986), and
some investigators use a pencil rather than their finger
(Farrell Pagulayan et al., 2006).

Computerised versions of the CBT using standard rules
for sequence delivery and scoring have been utilised in
previous studies to eliminate the influence of the examiner

Table 1. Normative studies of spatial span.

Manual CBT N Mean age Max span True span Age-predicted true span Diff.

Orsini et al. (1986) 1354 57.2 4.56 (1.08) 5.24 5.54 −0.30
Capitani et al. (1991) 495 53.4 5.03 (1.07) 5.76 5.63 0.13
Ostrosky-Solis (1998) 105 46.7 5.20 5.36 5.78 −0.42
Kessels et al. (2000) 70 31.2 6.2 (1.3) 6.38 6.15 0.23
Beblo et al. (2004) 48 25 6.2 (1.0) 6.38 6.30 0.08
Farrell et al. (2006) 94 21.7 7.1 (1.0) 6.00 6.38 −0.38
Kessels et al. (2008) 230 66.5 5.12 (0.78) 5.28 5.32 −0.04
Tamayo et al. (2012) 179 36 5.50 5.67 6.04 −0.37
Monaco et al. (2013) 362 54.2 5.38 (1.09) 5.56 5.61 −0.05
Claessen et al. (2014) 40 22.9 7.0 (1.2) 7.19 6.35 0.84

Computerised CBT N Mean age

Brunetti et al. (2014) 107 32.3 5.62 (1.1) 5.79 6.12 −0.33
Claessen et al. (2014) 40 22.9 6.40 (1.5) 6.58 6.35 0.33

WMS: forward SS N Mean age Total correct

Wilde et al. (2004) 1250 48 8.01 (2.32) 5.71 5.75 −0.04
Lo et al. (2012) 339 57.9 7.49 (1.74) 5.43 5.52 −0.09
Wiechmann et al. (2011) 44 77 8.3 (2.54) 5.88 5.07 0.81

Computerised CBT N Mean age Total correct

Fournet et al. (2012) 382 70 6.14 (1.95) 4.92 5.23 −0.31
Notes: Studies have been divided into manual and computerised studies using the CBT and manual and computerised studies quantifying forward span in the
WMS-III SST. Means and standard deviations are shown. True span values (the length where 50% of trials are correct) were estimated using Table 7 con-
versions. Age-predicted true spans were calculated using linear regression using the correlation (r =−0.74) between true span means and mean population
ages for the different studies (slope per year =−0.024). Diff, differences between observed and age-predicted true spans.
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(Beblo et al., 2004; Brunetti et al., 2014; Claessen et al., 2014;
Fournet et al., 2012; Vandierendonck, Kemps, Fastame, &
Szmalec, 2004). We used a computerised version of the
SST (C-SST) that modified the sequence delivery and
scoring rules following principles developed in a previous
computerised test of digit span (Woods et al., 2011), result-
ing in three major changes: (1) Balanced sampling of span.
Sequence lengths were adjusted adaptively using a stair-
case procedure: list lengths either increased following
each correct report or were reduced following two succes-
sive errors. This assured adequate sampling of list lengths
above and below the participant’s true span. All partici-
pants received 14 trials regardless of their performance.
(2) Sub-digit measurement of span. Performance was quan-
tified using a psychophysical estimate of mean span (MnS)
that took into consideration the participant’s performance
on all trials and had sub-digit precision. Traditional
maximal span and total correct metrics were also recorded.
(3). Randomised displays and sequences. Both the spatial
layout of squares and the item sequences were selected
randomly on each trial. This assured that performance vari-
ations due to differences in list length were not biased by
the particular sequences used for testing, and also enabled
the analysis of the effects of display layout, path distance,
and path crossing on performance.

In addition, the C-SST measured the average response
time (ReT) to the individual items in each sequence.
Based on previous reports of strong relationships
between processing speed and working memory capacity
(Brown, Brockmole, Gow, & Deary, 2012; Holdnack,
Xiaobin, Larrabee, Millis, & Salthouse, 2011; Mungas et al.,
2014), we anticipated that a significant correlation would
be observed between ReT and visuospatial span.

Previous studies of spatial memory have shown that
errors are less frequent for the first and last items in list
sequence, reflecting well-known primacy and recency
effects. However, the primacy and recency effects seen in
spatial span testing appear to be smaller than those
observed in digit span testing (Smyth & Scholey, 1996b).
Therefore, we also compared primacy and recency effects
in digit and spatial span testing (Hurlstone, Hitch, & Badde-
ley, 2014).

We also analysed the types of errors that occurred. Pre-
vious studies using blocked sequences of fixed lengths
have shown that transposition errors (swapping the pos-
ition of two items) are the most common type of error
(Hurlstone et al., 2014; Smyth & Scholey, 1996b). Here, we
investigated the incidence of transposition errors, omission
errors (failing to select an item), addition errors (adding an
additional item), substitution errors (selecting an item that
was not included in the test sequence), and permutation
errors (complex reordering of the item sequence) as list
length varied across trials.

Methods

Participants

We studied 189 participants who ranged in age from 18 to
82 years (mean 41.1 years), with 50% of the participants
below the age of 30 and 33% above the age of 60. The
participants were well educated (mean 14.6 years of
education, range 10–20 years) and were predominantly
(58%) male. Participants were recruited from advertise-
ments in the San Francisco Bay Area on Craigslist (sfbay.
craigslist.org), and from pre-existing control populations.
Participants also indicated the number of hours/day
that they used a computer: most of the participants
used computers frequently (mean 2.4 hours/day), with
92.7% using computers for at least one hour/day. Partici-
pants were required to meet the following inclusion cri-
teria: (a) fluency in the English language; (b) no current
or prior history of bipolar disorder, mania, or schizo-
phrenia; (c) no current substance abuse; (d) no concur-
rent history of neurologic disease known to affect
cognitive functioning; (e) no history of hospitalisation
for head trauma; (f) auditory functioning sufficient to
understanding normal conversational speech; and (g)
visual acuity normal or corrected to 20/40 or better. Par-
ticipant ethnicities were 64% Caucasian, 12% African
American, 14% Asian, 10% Hispanic/Latino, 2% Hawai-
ian/Pacific Islander, 2% American Indian/Alaskan Native,
and 4% “other”. All participants gave informed written
consent following procedures approved by the Insti-
tutional Review Board of the VA Northern California
Health Care System (VANCHCS) and were compensated
for their participation.

Apparatus and stimuli

The C-SST was administered midway through a series of
tests1 and required 4–6 minutes to complete. Testing was
performed in a quiet room using a standard PC controlled
by Presentation software (Versions 13 and 14, NeuroBeha-
vioral Systems, Albany CA). The test can be downloaded at
http://www.ebire.org/hcnlab/cognitive-tests/SST. The C-
SST display is shown in Figure 1(a). The locations of the
10 red squares presented on each test trial were deter-
mined by constrained random sampling and varied from
trial-to-trial. Five squares were presented in each hemifield,
with a single square presented in each horizontal row and
in each vertical column (indicated by the dotted lines in
Figure 1(a)). This resulted in 120 different possible layouts
that were independently determined in each hemifield.
In addition, small and random horizontal and vertical
offsets prevented squares from being vertically or diagon-
ally aligned. Thus, in contrast to the typical spatial span
task, where the same block layout is used throughout

1The session included the following computerized tests and questionnaires: finger tapping, simple reaction time, Stroop, digit span forward and backward,
phonemic and semantic verbal fluency, verbal list learning, spatial span, trail making, vocabulary, design fluency, the Wechsler Test of Adult Reading
(WTAR), visual feature conjunction, risk and loss avoidance, delay discounting, the Paced Auditory Serial Addition Task (PASAT), the Cognitive Failures Ques-
tionnaire (CFQ), the Posttraumatic Stress Disorder Checklist (PCL), and a traumatic brain injury (TBI) questionnaire.
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(Berch et al., 1998), different displays were presented on
each trial of the C-SST.

Sequence selection was also random, with the con-
straint that a square could only be selected once in
each sequence. For example, length-six sequences were
randomly selected from 151,200 (10 × 9 × 8 × 7 × 6 × 5)
possible sequences. Thus, in contrast to most SSTs,
each participant received a unique list of block

sequences. The locations of all squares and the sequence
of squares selected were recorded on each trial, permit-
ting the quantification of various path parameters (e.g.,
distance, crossings, angles, etc.) that may influence
sequence recall.

As seen in Figure 1(b), squares were selected by a com-
puter-controlled cursor (a small white square) that was dis-
placed during a 677 ms interval, followed by a 300 ms

Figure 1. (a) The C-SST display. Ten squares were displayed at constrained random positions in the display matrix, with positions varying on each trial. Each
square could appear in any of the five boxes per row in each hemifield, with the constraint that in each hemifield, each row and column contained one square.
Squares 1–5 were in the left hemifield and squares 6–10 in the right hemifield. Numbers and dashed lines are for illustration only, and were not seen by
participants. (b) A test sequence of length three. Display of the sequence “2-6-10”. The sequence was shown by the moving cursor (small white square), with
each square flashing green as it was selected (bottom right). When the sequence was complete, the “Done” button illuminated and the cursor returned to the
center of the screen. The dashed line illustrates cursor displacement and was not visible to the participant.
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interval when the selected square changed color in a
green-red-green sequence (100 ms each) before finally
returning to red to indicate a selection. The cursor contin-
ued to highlight each square in the sequence until the
entire sequence was complete. Once the square sequence
had been shown, the cursor returned to the center of the
display and the “DONE” button appeared at the bottom
of the screen.

During the response phase, the participant moved the
cursor to each square and selected it by depressing the
left mouse button (Razer Sidewinder, Carlsbad, CA). When
the cursor fell within the boundaries of a square, the
square changed colour from red to green. When selected
with a mouse click, the square flashed red and green
(each for 100 ms) and then changed back to red. The time
to move the cursor and select each square was recorded
(in ms). Once the participant selected a square, the selection
could not be changed. When finished selecting squares, the
participant clicked the “Done” button at the bottom of the
screen. This was followed by a screen displaying a “Next”
button that the participant clicked to begin the next trial.

There were four practice trials followed by 14 test trials.
In the practice trials, the display contained six squares
(three in each hemifield) and testing began at a sequence
length of two. Practice trials included feedback.

Fourteen test trials were given in all, beginning with a
sequence length of three squares. The sequence length
increased following each trial that was reported correctly,
and decreased following two successive misses. Figure 2
shows the sequence lengths tested in four participants.
For example, participant TBI067 correctly reproduced the
three-square sequence on trial 1, then missed two succes-
sive four-square sequences, reducing the span length back
to three. On trials four and five, participant TBI067 correctly
reproduced sequences of length three and four, then
missed the 5-square sequence on trial six, but reproduced
it correctly on trial seven. Thereafter, he missed all four
6-square sequences, but reproduced one of three
5-square sequences correctly.

Scoring metrics

The data from individual trials were analysed using differ-
ent automated scoring metrics similar to those used in a
previous study of digit span (Woods et al., 2011). The
maximal span (MS) was the maximum trial length correctly
reported before two successive trials were missed at the
same length. Thus, the termination rule for MS was
similar to that used in the CBT. We also measured the
maximal length (ML) successfully repeated over the 14
trials, the mean length of the last five trials (Last5), and
the total number of correct trials (TotC) over the entire
14-trial sequence. In addition, we estimated mean span
(MnS), the extrapolated list length where 50% of lists
would be correctly reported based on psychophysical esti-
mation (Killion, Niquette, Gudmundsen, Revit, & Banerjee,
2004). The MnS baseline was set at 2.5 and was incremen-
ted by the fraction of digit strings accurately reported at
each succeeding list length. Finally, we obtained the MnS
z-score after regressing out the contributions of the two
most important correlates, age and computer-use (see
below). In addition, we measured response time (ReT),
the average time to respond to each item, and obtained
an age- and computer-use regressed z-score of the log-
transformed mean ReT (Log-ReT-Z). We also obtained a
mean digit span (MnDS) metric in forward span testing,
as described in a previous experiment (Woods et al.,
2011) that used a psychophysical procedure similar to
that used for measuring the MnS. Age- and computer-
use corrected MnDS z-scores were also obtained following
similar procedures.

Statistical analysis

Correlation analysis was used to evaluate the effects of age,
education, computer-use, and sex, and to develop norma-
tive regression functions. Pairwise effects were also ana-
lysed with Student’s t-tests, using a model that assumes
unequal variance in the different participant groups
when appropriate. Group comparisons were further ana-
lysed using a multifactor mixed ANOVA. Separate
ANOVAs were performed for age- and computer-use
regressed z-scores (see below) for total completion time
and movement velocity. Greenhouse-Geisser corrections
of degrees of freedom were uniformly used in computing
p values in order to correct for covariation within factors
or interactions. Effect sizes are reported as partial ω2 values.

Results

Span metrics

Figure 3 shows the participants’ MnS scores (blue dia-
monds) as a function of age, and for comparison shows
the same participants’ MnDS forward digit span results
(red squares), which have been presented elsewhere
(Woods et al., 2011). The average results obtained with
the different spatial span metrics are shown in Table 2.

Figure 2. Span length on each trial in the 14-trial sequences for four differ-
ent subjects. The span length either increased following each correct trial or
was reduced following two successive errors.
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On spatial span trials, participants reported 5.95 (standard
deviation = 0.92) of 14 trials correctly, including 3.14 (1.19)
trials before making two errors at the same length to define
their MS. MnS scores averaged 5.27 (1.01), and were slightly
greater than the average MS score of 5.15 (1.20) [F(1,186) =
3.98, p < .05, partial ω2 = 0.02]. The standard deviation and
coefficient of variation (CV) of the MS metric were also con-
siderably larger than those of the MnS metric, as seen in
Table 2.

Many participants produced identical scores on metrics
that measured spatial span with single digit precision
(i.e., MS, ML, and TotC). For example, 34.2% of participants
had MS scores of 5. In contrast, the sub-digit precision of
the MnS metric resulted in a more continuous distribution,
with the most common MnS score (5.17) shared by only
4.3% of participants. As a result, MnS scores distinguished
participants with identical MS scores. For example,
among participants with MS scores of 5, MnS scores
ranged from 3.53 to 6.67. As a consequence, the difference
between the MS and MnS scores showed a relatively large
variance (0.84), with 13.4% of participants showing MnS
scores that were more than 1 digit larger than their MS
scores, and 6.4% of participants showing MnS scores that
were more than 1 digit smaller than their MS scores.

Participants were divided into quintiles based on MnS
scores. Figure 4 shows the percentage of correct trials for
each quintile at different sequence lengths, while Table 2

provides performance summaries for each quintile. The
MnS scores increased from 3.95 to 6.75 for successive quin-
tiles, with interquintile differences ranging from 0.49 to
0.95 digits and greater intersubject variance seen in the
first and fifth quintiles. The slopes relating accuracy and
sequence length were similar for different quintiles, with
accuracy decreasing by approximately 30% per additional
item from 1.0 digit below the MnS to 1.0 digit above.

The estimated 30%/item slope accords well with the
results of Brunetti et al. (2014), who found that participants
accurately reported 20–30% of sequences one digit above
their MS. It is also in agreement with the results of Farrell
Pagulayan et al. (2006), who measured a maximal span of
7.1 when participants recalled at least one trial in five pre-
sentations at a given list length, vs. a baseline span of 4.9
when participants correctly reported four trials in a row.
Probability analysis shows that in order to accurately
report at least one trial in five, participants would need
to be correct on 13% of individual trials [ i.e., 50% = 1
−(0.87)5], while in order to identify four trials in a row, par-
ticipants would need to be correct on 84% of individual
trials [i.e., 50% = 0.844]. In Figure 4, the difference in accu-
racy on individual trials (71%) is equal to a 2.3-item differ-
ence in list length, similar to the 2.2 digit difference
observed between maximal and baseline spans measured
by Farrell Pagulayan et al. (2006). Figure 4 also shows that
participants were less than 100% accurate at span lengths
considerably shorter than their MnS. For example, partici-
pants in the 5th quintile (MnS = 6.75) produced occasional
errors at lengths 3 and 4. This suggests that distractrability
effects should be included in any model of SST perform-
ance (see below).

Response times (ReTs)

Mean ReTs were obtained by averaging response latencies
for each selection. Table 2 includes mean ReTs from the
different quintiles, and Figure 5 shows mean ReTs for indi-
vidual participants as a function of age. Consistent with
previous reports (Brunetti et al., 2014), participants took
longer to select the first square in a sequence (mean
2398 ms, sd = 748 ms) than to select later squares (mean
1578 ms, sd = 378 ms) [F(1,186 = 4443.65, p < .0001,
partial ω2 = 0.70], presumably reflecting the increased
time needed to plan the response sequence (Hurlstone
et al., 2014). Mean ReTs averaged 1742 ms (standard

Table 2. Spatial span performance metrics for all subjects and for subjects in different quintiles of performance.

TotC ML MS MnS MnS-z ReT L-ReT-z MnDS MnDS-z

All 5.95 (0.92) 5.93 (1.01) 5.15 (1.20) 5.27 (1.01) 0.00 (1.00) 1742 (426) 0.00 (1.00) 6.87 (1.11) 0.00 (1.00)
Q1 5.05 (0.69) 4.72 (0.56) 3.97 (0.93) 3.95 (0.40) −1.15 (0.72) 2040 (641) 0.42 (1.25) 6.21 (1.03) −0.46 (0.86)
Q2 5.58 (0.69) 5.55 (0.56) 4.82 (0.69) 4.73 (0.20) −0.28 (0.62) 1846 (381) −0.04 (0.93) 6.80 (1.02) 0.09 (0.96)
Q3 5.80 (0.63) 5.80 (0.53) 5.11 (0.87) 5.22 (0.14) −0.01 (0.59) 1590 (311) 0.01 (1.12) 6.78 (1.06) −0.08 (0.98)
Q4 6.49 (0.56) 6.41 (0.50) 5.38 (0.88) 5.80 (0.23) 0.26 (0.49) 1419 (154) −0.19 (0.70) 7.17 (1.10) 0.15 (1.09)
Q5 6.89 (0.71) 7.25 (0.60) 6.56 (0.91) 6.75 (0.55) 1.28 (0.65) 1373 (159) −0.22 (0.80) 7.43 (1.01) 0.32 (0.96)

Notes: TotC, total correct; ML, maximum length reported; MS, Corsi Block span, maximal length before missing two successive trials; MnS, mean spatial span;
MnS-z, age- and computer-use regressed MnS z-score; ReT, mean response time per item (ms); L-ReT-z, z-score of age- and computer-use regressed, log
transformed ReT; MnDS, mean digit span estimated using procedures from Woods et al. (2011); MnDS-z, age- and computer-used regressed MnDS. Stan-
dard deviations are shown in parentheses.

Figure 3. Mean spatial span (MnS,blue) and mean digit span (MnDS,red) for
participants as a function of age. Age regression slopes are shown (dashed =
digit span, solid = spatial span).
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deviation = 426 ms) and increased with age [r = 0.50,
t(185) = 7.85, p < .0001] at a rate of 9.4 ms/year. ReTs also
showed a strong negative correlation with MnS [r =
−0.46, t(185) =−7.05, p < .0001].

ReTs were positively correlated with the results of
other processing speed tests administered on the same
day of testing, including simple reaction time [r = 0.37, t
(181) = 5.36, p < .0001] (Woods, Wyma, Yund, Herron, &
Reed, 2015b), choice reaction time [r = 0.43, t(171) = 6.23,
p < .0001] (Woods, Wyma, Yund, Herron, & Reed, 2015a),
completion times for Trail Making Test part A [r = 0.60, t
(162) = 9.55, p < .0001] and part B [r = 0.47, t(162) = 6.78,
p < .0001] (Woods, Wyma, Yund, & Herron, 2015c), and
the time per question to complete a self-paced question-
naire [r = 0.63, t(150) = 10.06, p < .0001] (Woods, Yund,
Wyma, Ruff, & Herron, 2015d). The correlations between
measures of mouse movement speed (e.g., Trails A and
question-completion time) exceeded that observed for
simple and choice reaction time measures [minimum z =
2.24, p < .03]. MnS scores also correlated negatively with
all of these additional measures of processing speed
[range r =−0.28 to r =−0.40, p < .0002 for all comparisons].

The ReT distribution was positively skewed (skew =
2.98), so ReTs were log-transformed before further analysis.
Both age and computer-use independently influenced log-
transformed ReT (log-ReT) measures [total r = 0.60, age: t
(185) = = 8.06, p < .0001; computer-use: t(185) =−4.58, p
< .0001]. log-ReT z-scores were calculated from log-ReT
values corrected for age and computer-use using multiple
linear regression.

Factors influencing spatial span

Table 3 shows the correlation matrix for demographic vari-
ables and metrics. Different spatial span metrics were
strongly correlated with each other, with the MnS metric
showing stronger average correlations with other C-SST
metrics (mean r = 0.79) than with the MS metric (mean
r = 0.59). Age showed significant negative correlations
with all of the span metrics, with the strongest correlation
seen for the MnS [r =−0.49, t(185) = 7.65, p < .0001]. MnS
scores decreased with a slope of −0.023/year; for
example, the predicted MnS of an average 70 year-old
would be reduced by 1.17 digits with respect to that of
an average 20 year-old. Age also showed a small positive
correlation with education [r = 0.17, t(185) = 2.35, p < .02]
and a negative correlation with computer-use [r =−0.22,
t(185) =−3.08, p < .003].

No significant sex differences were seen for any metric.
Education showed only a weak correlation with MnS [r =
0.13, t(185) = 1.78, p < .05, one-tailed]. However, compu-
ter-use was more strongly associated with performance,
with the strongest correlation seen with MnS [r = 0.28, t
(185) = 3.97, p < .0002]. Multiple regression analysis
showed that both age and computer-use independently
influenced MnS [total r = 0.52, age: t(185) = = 7.07, p
< .0001; computer-use: t(185) = 2.78, p < .006]. MnS z-
scores, corrected for age and computer-use, were nega-
tively correlated with log-ReT z-scores [r =−0.27, t(185) =
−3.814, p < .0002], and also showed negative correlations
with age- and computer-use corrected z-scores on the
other processing speed tests [range r =−0.11 to r =−0.34].

Digit span and spatial span

MnS and MnDS were positively correlated [r = 0.38, t(185)
= 5.59, p < .0001]. MnDS scores averaged 6.87 (sd = 1.11),
significantly above MnS spans [F(1,186) = 340.01, p
< .0001, partial ω2 = 0.65]. Like MnS, MnDS was negatively
correlated with age [r =−0.17, t(185) =−2.35, p < .02, one-
tailed]. However, the correlation was weaker [z = 2.19,
p < .03] than the correlation between MnS and age, and
showed a shallower slope (−0.009 digits/year), as seen in
Figure 3. As a result, the difference between MnDS and
MnS (mean = 1.60, standard deviation = 1.19) increased
significantly with age [r = 0.26, t(185) = 3.66, p < .0005].

MnDS correlated significantly with computer-use
[r = 0.28, t(185) = 3.97, p < .0002], but was only minimally
affected by education [r = 0.14, t(185) = 1.92, p < .03, one-

Figure 4. Percent of correct reports at different sequence lengths by quin-
tile. Quintiles were defined by mean spatial span (MnS) scores.

Figure 5. Mean response times (ReTs) as a function of age. Response times
were averaged over responses to all items in the display.
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tailed] and not significantly influenced by sex [r =−0.07].
ReTs in the C-SST were negatively correlated with MnDS
scores [r =−0.32, t(185) = 4.61, p < .0001]; that is, partici-
pants with shorter ReTs had longer digit spans, as well as
longer spatial spans. Multiple regression was used to
analyse the combined effects of age and computer-use
on MnDS scores: computer-use exerted a significant influ-
ence [t(184) = 3.53, p < .0006], but the age factor failed to
reach significance [t(184) =−1.58, p < .12]. Regression coef-
ficients were used to calculate MnDS z-scores, corrected for
age and computer-use, which correlated with MnS z-scores
[r = 0.31, t(185) = 4.44, p < .0001] and showed significant
negative correlations with log-ReT z-scores [r =−0.20, t
(185) =−2.78, p < .007].

Serial position analysis

Figure 6 shows the probability of errors at each serial pos-
ition for spatial spans at list lengths of 5 and 6 and for digit
spans at lengths 6 and 7. Spatial span testing showed small
primacy and recency effects; errors occurring mid-list were
somewhat more common than errors in the initial and final
locations. However, serial position effects were much larger
in digit span testing, with fewer errors in the initial and final

positions than in mid-list positions. Statistical comparisons
confirmed significant differences in the serial positions of
errors in digit span and spatial span testing for lists of
length five through eight. Specifically, we counted the
errors at each position in both digit span and spatial
span trials of the same length for participants who com-
pleted both tests and found that Chi-squared indepen-
dence tests failed for trials of length five [x2(4) = 24.75, p
< .0001], six [x2(5) = 89.57, p < .0001], seven [x2(6) = 72.01,
p < .0001], and eight [x2(7) = 23.65, p < .003].

Types of errors

Table 4 shows the percentage of the different types of
errors made during spatial and digit span testing. Transpo-
sition and omission errors predominated during spatial
span testing. More than 80% of transposition errors
occurred when participants transposed successive items
(e.g., the “1-6-5-2-8” became “1-6-2-5-8”). In addition, trans-
position errors were somewhat more common when items
were spatially close to each other in the display. For
example, on trials where only a single transposition error
occurred, the screen distance between transposed
locations was smaller than the mean distance to other
transposable locations [paired t-test (actual vs. mean
possible), t(373) =−3.69, p < .001].

Errors of all types increased with increasing list length,
with transposition and omission errors increasing in paral-
lel during spatial span testing. At most list lengths, addition
errors, substitution errors, and permutation errors occurred
at rates that were more than five standard errors of the
mean below the average rates for omission and transposi-
tion errors.

Table 5 shows the percentage of omission and transpo-
sition errors at serial positions during digit span and spatial
span testing. In both tests, omission errors were rare in the
first position and increased throughout the list, declining in
the final position. However, transposition errors showed a
different pattern in the two tests. In the C-SST, transposi-
tion errors were relatively common in the first position
and slightly increased over the sequence before declining
to minimal values in the final position. On the other hand,
transposition errors in digit span testing remained rare in

Table 3. Correlation matrix for spatial span.

C-use Educ Sex TotC ML MS MnS MnS-Z ReT ReT-Z MnDS

Age −0.22 0.17 0.10 −0.44 −0.48 −0.33 −0.49 0.00 0.50 0.00 −0.17
C-use 0.34 0.03 0.19 0.26 0.27 0.28 0.00 −0.39 0.00 0.28
Educ 0.05 0.08 0.12 0.15 0.13 0.18 −0.06 −0.02 0.14
Sex −0.12 −0.07 −0.05 −0.09 −0.05 0.02 −0.03 −0.07
TotC 0.68 0.39 0.77 0.63 −0.44 −0.25 0.32
ML 0.66 0.89 0.73 −0.46 −0.24 0.34
MS 0.72 0.61 −0.34 −0.15 0.31
MnS 0.85 −0.47 −0.23 0.38
MnS-Z −0.21 −0.27 0.29
ReT 0.79 −0.32
ReT-Z −0.19
Notes: C-use, computer use; Educ, education. See Table 2 for other abbreviations. Given the sample size (N = 189), correlations at |r| > 0.19 are significant at p
< .01, uncorrected.

Figure 6. Serial position functions in spatial span and digit span testing.
Percent correct at each position in list lengths of five and six for spatial
span testing and list lengths of six and seven for digit span testing. Error
bars show standard errors of the mean.
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the first and last positions relative to mid-list positions,
even in long lists. Chi-squared independence tests revealed
a significant difference in the serial position functions of
transposition errors in spatial and digit span testing in
6-item lists [x2(5) = 12.67, p < .03], with a trend towards
significant differences in 7-item lists [x2(6) = 7.52, p < .06].

Factors affecting trial difficulty: distance, crossings,
and clustering

Square positions varied pseudo-randomly from trial-to-
trial, and item sequence selection was random during
spatial span testing. As a result, trials of similar sequence
lengths were associated with differences in path distance
and number of path crossings. Table 6 shows the mean
and range of path distance and number of crossings at
different sequence lengths, and shows the correlations of
both measures with trial outcome and trial completion
time. Path distance did not correlate significantly with

outcome, except for a weak trend at sequence length 5
[r =−0.07, t(607) =−1.73, p < .05, one-tailed], and path
crossings were weakly related to outcome only at
sequence lengths of 4 [r =−0.07, t(952) =−2.17, p < .05]
and 7 [r =−0.10, t(629) =−2.52, p < .02]. In contrast, both
distance and the number of crossings were associated
with increased ReTs at all sequence lengths (range r =
0.08 to r = 0.18).

Two additional spatial proximity effects were also noted.
First, when participants made substitution errors, they
tended to select squares in the display that were spatially
close to squares that had actually appeared in the
sequence. In trials where only a single substitution error
occurred, the distance between the target square and sub-
stituted square was smaller than the mean distance to all
other potentially substitutable locations [t(205) =−7.40,
p < .0001]. Second, clustering exerted a small but signifi-
cant effect on the difficulty of different trials. In a regression
that included sequence lengths adjusted for each

Table 4. Types of errors (in mean percent per trial) in spatial span (top) and digit span (bottom) for trials of different lengths.

Length N PC Omit Add Sub Trans Perm

Spatial span
3 247 87.0% (2.2%) 2.8% (1.4%) 4.9% (1.0%) 2.4% (1.5%) 6.1% (1.5%) 0.0% (0.0%)
4 439 69.0% (2.2%) 11.4% (1.4%) 9.3% (2.0%) 12.5% (1.5%) 11.4% (1.6%) 2.5% (0.8%)
5 716 43.2% (1.9%) 24.7% (1.4%) 15.6% (1.7%) 19.7% (1.7%) 25.3% (1.7%) 6.9% (1.0%)
6 664 29.0% (1.8%) 39.9% (1.7%) 20.5% (2.1%) 25.6% (2.1%) 37.5% (2.1%) 13.6% (1.4%)
7 385 18.7% (2.0%) 55.6% (2.3%) 22.1% (2.6%) 26.5% (3.2%) 50.7% (3.5%) 21.8% (2.2%)
Digit Span (Woods et al., 2011)
5 322 81.1% (2.2%) 4.7% (1.3%) 3.1% (1.0%) 3.7% (1.2%) 10.9% (1.7%) 1.2% (0.6%)
6 522 53.6% (2.2%) 23.2% (2.9%) 13.2% (1.5%) 8.2% (1.5%) 23.4% (2.0%) 7.5% (1.2%)
7 595 39.2% (2.0%) 45.2% (4.30%) 16.9% (1.7%) 9.8% (1.4%) 33.1% (2.2%) 13.1% (1.4%)
8 475 24.4% (2.0%) 88.8% (7.4%) 18.3% (2.0%) 11.4% (1.6%) 38.3% (2.7%) 21.7% (1.9%)
9 225 18.2% (2.6%) 80.4% (7.8%) 24.0% (3.3%) 20.0% (3.2%) 48.0% (4.2%) 32.9% (3.3%)

Notes: N, number of trials; PC, percentage correct; Omit, omission; Add, addition; Sub, substitution; Trans, transposition; Perm, permutation. Numbers in par-
entheses show standard errors of the mean. Multiple errors could occur in a single trial.

Table 5. Percentages of transposition (Trans) and omission (Omit) errors.

Length Position 1 (%) 2 (%) 3 (%) 4 (%) 5 (%) 6 (%) 7 (%) 8 (%)

Spatial span
5 Trans 10.3 13.8 11.5 9.5 5.5

Omit 3.1 4.1 5.5 7.4 4.6
6 Trans 10.2 16.3 15.5 12.1 12.4 8.1

Omit 2.0 4.7 5.9 8.3 10.5 8.4
7 Trans 13.4 17.7 13.5 16.9 16.9 14.6 8.6

Omit 3.4 4.4 6.8 10.7 9.9 10.1 10.4
Digit span (Woods et al., 2011)
6 Trans 0.6 5.9 11.7 16.3 10.2 2.1

Omit 0.8 3.8 3.6 5.8 7.1 2.1
7 Trans 1.0 5.9 12.3 15.0 15.8 13.3 3.0

Omit 2.2 5.2 8.1 7.4 8.1 8.6 5.7
8 Trans 2.1 6.1 9.5 12.6 16.2 15.0 13.1 2.1

Omit 4.2 8.2 11.2 12.2 11.6 12.8 19.0 9.7

Notes: Shown for different serial positions for trials of different length during spatial span (top) and digit span (bottom) testing.

Table 6. Correlations of trial properties with trial outcomes for different sequence lengths.

Length N %hit Distance Crossings CT (s) hit/Dist hit/Cross ReT/Dist ReT/Cross

4 609 69.2% 35.7 (16.3–66.5) 0.23 (0–1) 7.06 −0.07 0.01 0.18 0.10
5 954 44.9% 48.0 (23.8–85.3) 0.71 (0–3) 8.74 −0.05 −0.07 0.13 0.11
6 954 32.7% 59.3 (33.1–101.4) 1.41 (0–6) 9.68 −0.04 0.01 0.14 0.11
7 631 20.3% 71.4 (43.8–111.6) 2.44 (0–10) 10.66 −0.05 −0.10 0.08 0.10

Notes: Mean values for distance and number of crossings are shown with the range in parentheses. The final four columns show the correlations of outcome
(hit) with distance (Dist) and crossings (Cross), and responses times (ReT) with distance and crossings.
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participant’s MnS, path distance, path crossings, path
angles, and the minimum distance between display
elements, sequence length produced the expected highly
significant effect [t(3421) = 31.18, p < .0001], while among
the other factors, only minimal distance reached weak stat-
istical significance [t(3421) = 2.85, p < .01].

Discussion

An improved test of visuospatial span

We describe a brief computerised test of visuospatial span,
the C-SST, that uses adaptive procedures to adjust list
lengths in order to repeatedly sample spans above and
below report thresholds. The C-SST also provides response
time measures of processing speed that were shown to
correlate with both spatial and digit span. The psycho-
physically-based MnS metric was shown to have several
superior properties in comparison to traditional maximal
span and total correct metrics, including reduced standard
deviations and higher correlations with demographic vari-
ables that influence spatial span (e.g., age). The MnS metric
also has higher test-retest reliability than maximal span or
total correct metrics (Woods, Wyma, Herron, & Yund, sub-
mitted). In addition, simulation studies show that the
MnS metric provides a more accurate estimate of partici-
pants’ true span than other metrics (see below).

Simulating performance in different spatial-span
paradigms

We performed simulation studies in order to further eluci-
date the differences between the span metrics. We simu-
lated performance in different paradigms by assuming
that the probability of correct report changed as a logistic
function with a slope of 30% per item (e.g., Figure 4) relative
to the participant’s true span (i.e., 50% correct). These simu-
lations enabled the comparison of maximal spans reported
for variants of the CBT that use different sequence delivery
rules, and also enabled the comparison of studies using

similar sequence delivery rules but different span metrics
(e.g., total correct vs. maximal span) (Berch et al., 1998).

Table 7 shows the results of such simulations for true
spans ranging from 3.0 to 8.5. Ten thousand simulations
were performed at each true span following the termin-
ation rules for each test, calculating performance indepen-
dently for each trial, and assuming that accuracy never
exceeded 95%/trial, even on short lists, due to inattention
(see Figure 4). Several important results are evident. The
MnS metric provides accurate estimates of true span
(range −0.06 to 0.15) at all simulated true spans, with
small standard deviations (range 0.40 to 0.58). In contrast,
the CBT maximal span underestimates the true span by
increasing amounts as true span increases (range −0.13
to −0.27), with standard deviations that are approximately
twice as large as those of the MnS metric. More serious
underestimations occur when the maximal span is esti-
mated using the “3 of 5” termination rule of Orsini (range
−0.65 to −0.71) and the “2 of 3” termination rule of Capitani
(range −0.71 to −0.92).

The reason for the systematic underestimation of true
span with the CBT is that testing often ceases prematurely.
For example, in the traditional CBT, a participant with a true
span of 5 will miss two length-5 trials on 25% of presenta-
tions, resulting in a maximal span of 4. Thus, fewer than
75% of participants will be tested at length 6, where two
failures would produce a span of 5. In the CBT variants of
Orsini et al. (1986) and Capitani et al. (1991), the undersam-
pling bias is more severe. In these tests, the maximal span
is the longest sequence correctly reported on two of three
or three of five presentations, respectively. Since a partici-
pant with a true span of N has only a 50% chance of produ-
cing two of three (or three of five) correct reports in a
length-N sequence, 50% of participants with true spans
of 5 will be scored as having spans of 4; that is, testing at
length 6 (where failure would produce a maximal span of
5) would occur in less than 50% of participants.

In contrast, the method of Farrell Pagulayan et al. (2006)
(not included in Table 7) would produce a maximal span
well above the true span. They quantified maximal span
as the longest sequence correctly reported on any of five

TABLE 7. Simulations showing the relationship between different metrics and procedures in spatial span testing.

True span CBT-MS WMS tot Orsini Capitani TotC ML MS MnS Last5

3.0 2.87 (0.87) 2.86 (1.37) 2.34 (0.67) 2.28 (0.76) 4.49 (0.61) 3.74 (0.58) 3.00 (0.76) 3.15 (0.44) 3.72 (0.64)
3.5 3.36 (0.81) 3.85 (1.33) 2.84 (0.66) 2.79 (0.75) 4.80 (0.57) 4.10 (0.48) 3.37 (0.78) 3.57 (0.40) 4.16 (0.57)
4.0 3.86 (0.91) 4.71 (1.48) 3.32 (0.70) 3.24 (0.82) 5.16 (0.59) 4.68 (0.59) 3.88 (0.87) 4.08 (0.47) 4.71 (0.65)
4.5 4.33 (0.84) 5.72 (1.41) 3.85 (0.68) 3.76 (0.80) 5.48 (0.58) 5.05 (0.49) 4.36 (0.82) 4.53 (0.43) 5.14 (0.57)
5.0 4.85 (0.93) 6.61 (1.56) 4.32 (0.70) 4.21 (0.88) 5.84 (0.59) 5.65 (0.61) 4.85 (0.91) 5.05 (0.50) 5.69 (0.65)
5.5 5.33 (0.86) 7.64 (1.50) 4.83 (0.69) 4.75 (0.86) 6.16 (0.56) 6.03 (0.50) 5.34 (0.83) 5.52 (0.47) 6.13 (0.59)
6.0 5.83 (0.97) 8.49 (1.69) 5.31 (0.73) 5.18 (0.93) 6.52 (0.60) 6.60 (0.62) 5.85 (0.92) 6.02 (0.53) 6.69 (0.66)
6.5 6.32 (0.91) 9.56 (1.68) 5.82 (0.71) 5.71 (0.95) 6.84 (0.56) 6.98 (0.51) 6.32 (0.87) 6.49 (0.49) 7.13 (0.59)
7.0 6.81 (1.01) 10.44 (1.79) 6.29 (0.75) 6.14 (1.05) 7.21 (0.59) 7.54 (0.62) 6.82 (0.97) 7.01 (0.57) 7.69 (0.65)
7.5 7.30 (0.96) 11.40 (1.87) 6.84 (0.73) 6.67 (1.06) 7.52 (0.57) 7.93 (0.53) 7.31 (0.90) 7.47 (0.52) 8.11 (0.59)
8.0 7.79 (1.04) 12.07 (1.99) 7.29 (0.77) 7.08 (1.17) 7.91 (0.60) 8.49 (0.63) 7.79 (0.97) 7.97 (0.58) 8.64 (0.62)
8.5 8.23 (0.95) 12.89 (2.00) 7.81 (0.75) 7.62 (1.16) 8.24 (0.60) 8.87 (0.55) 8.27 (0.88) 8.44 (0.53) 9.05 (0.52)

Notes: Each simulation was based on a “true span”, the length where subjects were 50% correct. Each cell represents the result of 10,000 simulations using the
termination rule of each test. Numbers in parentheses show standard deviations. The model incorporated a slope of 30%/item, centered on the true spans
shown. Subjects were assumed to miss 5% of trials that would otherwise be correct due to attentional lapses. CBT-MS, Corsi Block Test maximal span; WMS
tot, Total forward span on the WMS III SST; Orsini, maximal span for three of five trials correct; Capitani, maximal span for two of three trials correct. The last
five columns show the metrics of the current test (see Table 2 for abbreviations).
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sequences, and terminated testing at list lengths where par-
ticipants missed all five trials. Participants only need to be
13% correct on individual trials in order to have a 50%
chance of detecting one trial in five. In other words, assum-
ing a slope of 30% per item around the true span, the
maximal span reported by Farrell Pagulayan et al. (2006)
would be slightly more than one digit above true span.

The standard deviation of MS measures was also much
larger than the standard deviation of the MnS metric. This
difference in standard deviations is due to three factors.
First, the MnS metric in the C-SST is based on trials that
are both above and below the true span, while MS primar-
ily samples sub-span list lengths. Second, the C-SST always
includes 14 trials and thus avoids early test termination. In
contrast, the number of trials presented in other tests
varies with span. For example, a participant with a true
span of 5.0 will receive an average of 8.61 trials in the stan-
dard CBT, and 22.5 trials in the Orsini variant of the CBT,
where testing ceases after missing three of five trials. The
larger number of trials explains the slightly reduced var-
iance of the MS metric in the Orsini paradigm when com-
pared to the standard CBT paradigm. Third, MnS variance
is reduced relative to that of MS because MnS is calculated
with sub-digit precision, which more closely corresponds
to the continuous underlying distribution of true span.
This reduces the MnS standard deviation compared to
that of MS, even when a larger number of trials is used
to estimate maximal span.

The Wechsler total correct metric of performance used
in the WMS-III SST was problematic for three reasons.
First, the total correct metric conflates inconsistent per-
formance with memory capacity. For example, a partici-
pant who misses one trial at lengths of 2, 3, 4, 5, 6, and
7, and then fails twice at list length 8, will have the same
total correct score as another participant who accurately
reports all trials at lengths 2, 3, and 4, but then fails twice
at list length 5. Second, the variance of the total correct
metric is increased, like that of the MS metric, because of
the 2-miss termination rule. As a result, different partici-
pants receive different numbers of trials. Third, the CV is
higher for the total correct metric than the MS metric
because participants perform imperfectly even at lengths
well below their true spans. For example, for participants
with true spans of 5, the CV is 24% for the total correct
metric, 19% for the MS metric, and 10% for the MnS
metric. Thus, it is unsurprising that the CVs of the published
studies using the total correct metric are high (Table 1).
This reduces sensitivity to clinical abnormalities. For
example, the reported total correct score for a group of
10 patients with Korsakoff’s syndrome was 19% lower
than that of the control group, but the differences failed
to reach statistical significance due in large part to the
high CV (32%) of the control means (Wilde et al., 2004).

The simulation results shown in Table 7 also permit the
results from different SST paradigms to be translated into
true span scores, as shown in column 5 of Table 1. Such
comparisons reveal that the true spans estimated from

the WMS total correct metric are similar to the true spans
estimated from the CBT MS metric for participant groups
of similar age (e.g., Lo et al., vs. Monaco et. al). Converting
different MS scores into true spans also reduces apparent
discrepancies in results. For example, the average MS
reported by Orsini et al. (1986) differed from that of
Farrell Pagulayan et al. (2006) by more than 2.5 digits
(4.56 vs. 7.1). However, when translated into true spans,
the differences were reduced to less than 1.0 digit.

Translating the results into true spans makes it possible
to perform meta-analyses of previous studies without the
confusions introduced by different span metrics. Meta-
analysis revealed a strong correlation between the mean
population ages of the participant groups shown in Table
1 and their estimated true spans [r = 0.74, t(16) = 4.01, p
< .002]. Column five shows the age-predicted true spans
based on the age-regression slope (−0.024/year) observed
in Table 1 data. Correcting for age resulted in a further
reduction of discrepancies between studies. For example,
the studies of Orsini et al. (1986) and Farrell Pagulayan
et al. (2006) had MS scores that differed by 2.5 digits and
true spans that differed by 0.76 digits. However, these
differences largely disappeared following age-correction:
the observed true spans were only slightly less than the
age-predicted values in both studies (−0.30 and −0.38
digits, respectively). Indeed, all the true span estimates
from CBT and WMS data were within 0.5 digits of age-pre-
dicted means, with the exception of the manual test admi-
nistered by Claessen et al. (2014), which used simplified,
non-standard paths, and the WMS test of Wiechmann
et al. (2011), who studied highly educated, older female
participants.

However, the estimated true spans in the current exper-
iment (5.23) showed a relatively large discrepancy with the
age-predicted true span (5.95) that would be expected in
the CBT for participants with a mean age of 41.1 years.
This discrepancy suggests that the C-SST was more difficult
than the standard CBT. Increased C-SST difficulty is also
consistent with the unusually large difference that we
observed between forward digit span and spatial span
(1.60 digits) compared to the digit-span vs. spatial-span
differences reported in previous studies (0.50 to 1.1
digits) (Kessels et al., 2008; Monaco et al., 2013; Orsini
et al., 1986; Wilde et al., 2004).

Several factors may account for the increased difficulty
of the C-SST. First, computerised SSTs may be generally
more difficult than manual tests (Claessen et al., 2014)
due to differences in visuospatial memory for 2D displays
in comparison with physical objects, or because less fam-
iliar responses are required (e.g., moving the mouse vs.
touching an object). Second, the C-SST block layout
varied randomly from trial to trial. As a result, participants
were first exposed to the block layout when the trial
began. In contrast, an identical layout is used in the CBT,
with the blocks remaining visible between trials. Third,
the non-random paths used in the CBT may be easier
than the random paths used in the C-SST.
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The influence of age on performance

As in previous reports (Capitani et al., 1991; Fournet et al.,
2012; Kessels et al., 2000; Lo et al., 2012; Monaco
et al., 2013; Orsini et al., 1986; Park et al., 2002; Wilde
et al., 2004), we found that increasing age was associated
with reductions in spatial span. The slope that related
age with MnS scores on the C-SST (−0.023 digits/year)
was virtually identical to the average slope that related
the mean population age with true span in the studies
summarised in Table 1 (−0.024 digits/year). It was also
similar to the slopes relating age and estimated true span
in the studies of Wilde et al. (2004) and Monaco et al.
(2013) (−0.021 and −0.025, respectively). However, it was
steeper than the slope (−0.015) estimated from the
studies of Orsini et al. (1986) and Lo et al. (2012), and shal-
lower than the slope (−0.043) from the study of Fournet
et al. (2012).

The age slope in the current study was well-fit by linear
regression. As in previous reports (Orsini et al., 1986; Park
et al., 2002), spatial span anddigit span scores showed signifi-
cant positive correlations. However, we found significantly
greater age-related declines in spatial span than in digit
span, consistent with the results of some previous studies
(Orsini et al., 1986; Park et al., 2002; Wilde et al., 2004), but
not others (Kessels et al., 2008; Monaco et al., 2013).

The influence of education, sex, and computer-use
on visuospatial span

We found only minimal influences of education on C-SST
performance. This likely reflects the fact that most of our
participants were well educated (minimum 10 years of
formal education, mean 14.6 years). Previous studies of par-
ticipants with a broader range of education (e.g., grade
school to college) have generally found stronger corre-
lations between education and performance (Capitani
et al., 1991; Fournet et al., 2012; Kessels et al., 2008;
Monaco et al., 2013; Orsini et al., 1986).

We found that computer-use was more strongly corre-
lated with both MnS and ReT measures than was edu-
cation. While increased familiarity with computers would
be expected to facilitate performance on computerised
tasks, increased computer-use may also index a more
general level of current intellectual engagement among
participants. Thus, we also found a higher correlation
between computer-use and digit span than between edu-
cation and digit span, even though digit span was
measured with standard verbal report.

We found no significant effects of sex on any perform-
ance metric. While studies of less well-educated partici-
pants have often reported superior spatial spans in male
participants (Capitani et al., 1991; Fournet et al., 2012;
Grossi, Matarese, & Orsini, 1980; Orsini et al., 1986), more
highly educated participant populations generally fail to
show sex differences (Kessels et al., 2008; Tamayo et al.,
2012).

Processing speed and working memory capacity

Both MnS and MnDS metrics correlated with ReTs in the
current task and with other measures of processing
speed, including simple reaction time, choice reaction
time, and completion times on trail making tests and ques-
tionnaires. The results are consistent with previous obser-
vations that increased processing speed is associated
with superior recall in working memory tasks (Hurlstone
et al., 2014; Park et al., 2002; Smyth & Scholey, 1996a).

Factors that influence trial difficulty

Consistent with some previous findings (Smyth & Scholey,
1994) but in contrast to others (Busch et al., 2005; Guerard
& Tremblay, 2012; Orsini et al., 2004), we found only a small
influence of path distance and crossings on trial difficulty.
However, path distance and crossings were not evaluated
parametrically. Thus, the relatively weak effects that we
observed may have reflected the trial-to-trial variation in
the display layout and sequence lengths, as well as the
use of random paths, which can result in complex vari-
ations in Gestalt properties (e.g., continuation, symmetry,
etc.) that may have influenced report accuracy indepen-
dently of path distance and crossings.

Serial position effects in spatial and digit span
testing

The primacy and recency effects seen in the C-SST were
similar in magnitude to serial gradients in spatial memory
seen in previous studies (Guerard & Tremblay, 2012;
Smyth & Scholey, 1996b), and were less striking than the
primacy and recency gradients seen in digit span testing,
where errors on the first and last item remain rare, even
in supra-span lists. These differences primarily reflected
an increased incidence of errors involving the first
element in spatial span lists. The results suggest that pos-
itional marking (Hurlstone et al., 2014) is less robust in
the visuospatial than verbal domain. Such differences
may also help to explain another modality difference.
Because the positional gradient is relatively weak in
spatial span, backward and forward spatial spans are com-
parable in length, while the strong positional marking in
digit-span memory results in clear forward-span superiority
(Wilde & Strauss, 2002).

Types of errors in spatial and digit span testing

Error analysis revealed similar types of errors on C-SST and
digit span testing. In both cases, transposition errors predo-
minated at shorter lengths, while omission errors became
more common as lengths increased. In our paradigms,
the occurrence of omission errors was increased relative
to their incidence in most previous studies (Hurlstone
et al., 2014) because participants were more extensively
tested at list lengths above their true spans.
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Conclusions

We describe an adaptive C-SST that quantifies visuospatial
memory with a psychophysically-based mean spatial span
(MnS) metric with sub-digit precision. The MnS metric had
lower variance than other widely used, current metrics,
including maximum span and total correct trials. Accuracy
was strongly affected by list length, declining at a rate of
approximately 30%/item around the MnS, with minimal
additional influence of path distance and crossings. An
analysis of incorrect trials showed that omission and trans-
position errors predominated. Serial position functions
showed primacy and recency effects that were weaker in
spatial span than digit span testing, consistent with a
difference in the strength of positional marking in visuos-
patial and verbal domains. Visuospatial span declined
more rapidly with age than digit span in the same partici-
pants, suggesting a more rapid age-related decline in
spatial than verbal working memory. Faster response
times were associated with increased spatial and digit
spans, consistent with previously reported correlations
between processing speed and working memory capacity.
Simulation studies showed that the MnS metric provided
more accurate estimates of true span (i.e., the list length
where participants are 50% correct) than other metrics.
The simulations also enabled a meta-analysis of previous
studies of visuospatial span which revealed that the C-
SST provides a more accurate measure of spatial working
memory than the CBT or the WMS III SST.
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