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Delayed adjustment tasks have recently been developed to examine working memory

(WM) precision, that is, the resolution with which items maintained in memory are

recalled. However, despite their emerging use in experimental studies of healthy people,

evaluation of patient populations is sparse.We first investigated the validity of adjustment

tasks, comparing precision with classical span measures of memory across the lifespan in

114 people. Second,we askedwhether precisionmeasures can potentially provide amore

sensitive measure of WM than traditional span measures. Specifically, we tested this

hypothesis examining WM in a group with early, untreated Parkinson’s disease (PD) and

its modulation by subsequent treatment on dopaminergic medication. Span measures

correlated with precision across the lifespan: in children, young, and elderly participants.

However, they failed to detect changes in WM in PD patients, either pre- or

post-treatment initiation. By contrast, recall precision was sensitive enough to pick up

such changes. PD patients pre-medication were significantly impaired compared to

controls, but improved significantly after 3 months of being established on dopaminergic

medication. These findings suggest that precision methods might provide a sensitive

means to investigate WM and its modulation by interventions in clinical populations.

Working memory (WM) provides a temporary storage system for maintenance, storage,

and manipulation of information in order to support cognitive processes (Baddeley,

2003). It is a critical contributor to many essential cognitive functions such as

reasoning, language comprehension, learning, planning, and general fluid intelligence
(Baddeley, 1986; Conway et al., 2005; Engle, Tuholski, Laughlin, & Conway, 1999).

Classically, the storage or short-termmemory component ofWMhas been tested using

‘span’ measures where participants are asked to remember a string of stimuli (e.g., digits)

and recall them in the same order (forwards). Such simple tasks measure short-term

maintenance (Groeger, Field, & Hammond, 1999). However, WM is not just the simple

retention of information but might also involve additional processing demands. In many

studies, the effects of such extra demands have been indexed by performance on
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backwards span tasks, where participants are asked to recall stored information in reverse

order (Miller, Price, Okun, Montijo, & Bowers, 2009). This combines simple retention of

information with a processing demand (Atkinson & Shiffrin, 1968; Oberauer, Lange, &

Engle, 2004).
Span tasks such as these have been shown tobeboth reliable and validmeasures ofWM

capacity (Conway et al., 2005) and are considered to directly tap into the ability to

manipulatemaintained information (Cornoldi&Mammarella, 2008;Groeger et al., 1999).

Both factor analysis (Kail & Hall, 2001; Oberauer, S€uß, Wilhelm, & Wittman, 2003) and

neuroimaging studies (Fletcher &Henson, 2001; Postle, Berger, &D’Esposito, 1999) have

shown a dissociation between simple (i.e., forwards) versus complex (i.e., backwards)

memory tasks (Rosen & Engle, 1997).

Although such ‘quantal’ measures of performance have been fundamental to
developing our understanding of memory function, they might not be sensitive to detect

differences in memory resolution. A key aspect of span tasks is that they rely on binary

(correct versus incorrect recall) measures: for any given item in a sequence, the

participant either gets the correct answer or not, and the assessor obtains the number of

items that can be retained in WM by that individual. But just because a participant makes

an error on an item, it does not mean they had nomemory of it at all. Conversely, a correct

response does not tell us how well they remembered an item, that is, the resolution with

which that item was retained (see (Ma, Husain, & Bays, 2014).
Recently, an alternative theoretical and empirical approach toWMhas been developed

that investigates the precision with which items are maintained in WM using delayed

adjustment tasks (Gorgoraptis, Catalao, Bays, & Husain, 2011; Ma et al., 2014; Wilken &

Ma, 2004; Zhang & Luck, 2008; Zokaei, Heider, & Husain, 2014). Adjustment tasks rely on

remembering a feature and reproducing the exact qualities of the stored feature after a

retention period. For example, participants are presented with a sequence of oriented

coloured bars and are asked to reproduce the exact orientation of one of the bars, probed

by its colour, following a delay. Despite their emerging use in studies of WM (Peich,
Husain, & Bays, 2013; Pertzov et al., 2013), adjustment tasks have received little attention

in testing patient populations.

The aim of current paper is first to determine whether WM precision shows

convergent validitywith commonly used clinicalmeasures ofWM – specifically span. One

possibility is that precision of recall might simply correlate with forward span in

traditional tests. However, adjustment tasks do not simply rely on passive maintenance of

single features. They require participants to retain the correct conjunction of features

belonging to an item and to retrieve one of the remembered features (e.g., orientation of
bar) when probed by another feature (e.g., colour). One feature of an object is used to

probe another feature that belonged to the object, thereby increasing processing demand

compared to simple storage and free recall of a sequence consisting of say letters.

Therefore an alternative hypothesis might be that precision of recall might correlate with

performance on backwards span tasks,which also increase processing demand compared

to forward span tests.

In order to establish the relationship between precision and span measures we first

tested a group of children, young and elderly healthy participants on both types of task.
Second, we asked whether precision measures can potentially provide a more sensitive

measure of WM that can aid researchers working with clinical populations, including

intervention studies and using relatively small sample sizes. Specifically, we examined

WM deficits in early Parkinson’s disease (PD) and its modulation by dopaminergic

medication.
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Working memory impairments have long been associated with PD, though studies

using classical ‘quantal’ measures of memory have reported inconsistent results in the

early stages of the disease are inconsistent (Dujardin, Degreef, Rogelet, Defebvre, &

Destee, 1999; Muslimovic, Post, Speelman, & Schmand, 2005; Owen et al., 1992; Owen,
Iddon, Hodges, Summers, & Robbins, 1997; Savica, Rocca, & Ahlskog, 2010; Verbaan

et al., 2007). Because of the potentially more sensitive nature of precision measures, we

hypothesized that it might be possible to detect small WM impairments in early PD and

examine improvement of this cognitive function later on medication using this

methodology.

Methods and materials

Participants

In total, we assessed 114 healthy individuals across the lifespan. Seventy-three children

(aged 9–13) were recruited from a single-sex (male) school, randomly selected from each

school year, excluding individuals with a known developmental disorder (participants

from study by Burnett Heyes, Zokaei, van der Staaij, Bays, & Husain, 2012). In addition, 41

adults – 21 young (aged 18–29) and 20 older volunteers (aged 53–80) –participated in this
study. Information on all participants are presented in Table 1.

For the assessment of a clinical group, 12 newly diagnosed PD patients (aged 51–79)
were tested pre-medication and later ~3 months after being established on dopaminergic

medication. Half the patients were on dopamine agonist while the remaining half were on

Levodopa with average daily levodopa equivalent dose of 647 mg (Tomlinson et al.,

2010).

All participants reported having normal or corrected to normal vision and colour

vision. They provided written informed consent (parental consent for children) to the
procedure of the experiment, approved by local ethics committee.

Tasks

Delayed adjustment WM task

Stimuli were presented on a laptopmonitor (32° 9 19°) at a viewing distance of ~52 cm.

A schematic representation of the task is shown in Figure 1A. In each trial, a sequence of

coloured bars (2° 9 0.2°) was presented at screen centre on a grey background. Each bar

was presented for 500 ms followed by a 500 ms blank interval prior to the presentation of

Table 1. Demographics and participant information

Mean age

(Age range – years)

Gender
Years of education

Mean (SD)

Daily Levedopa

Equivalent doseMale Female

Child participants

(n = 73)

11.5 (9–13.5) 73 - – –

Young participants

(n = 21)

22 (18–29) 15 7 16 (2) –

Healthy Elderly

(n = 20)

62 (53–80) 9 11 15 (3) –

PD patients

(n = 12)

65 (51–79) 6 6 14 (3) 647 (on medication)
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the next bar. For the children, we used sequences of three bars, while adults viewed 4

bars.

The colours in each trial were selected randomly, with no repetition from five easily

distinguished colours (red, yellow, green, blue, and purple). Minimum angular separation
between the orientation of bars within the same sequence was 10°; the orientation were

chosen randomly otherwise. Participantswere asked to remember the orientation of each

bar.

At the end of each trial, a probe bar oriented randomly, in the same colour as one of the

bars in the sequence was presented. A circle surrounding this probe made it easier to

distinguish from bars in the sequence to-be-remembered. Participants were instructed to

use a rotating dial tomatch the orientation of the probe to that of the same coloured bar in

the sequence. The black circle surrounding the probe item disappeared upon rotating the
dial. Participants clicked on the dial once they had rotated the dial to their selected

orientation.

Stimuli presented in any of the serial positions within the sequence were probed with

equal probability and participants did not know beforehand which itemwould be tested.

A B C

Figure 1. Tasks. (A) Working memory paradigm: A sequence of 4 coloured oriented bars (3 for

children) were presented sequentially. Any of the bars could be probed by colour of the response stimuli.

Participants were asked to adjust the orientation of the response stimuli to their memory of the

orientation of the bar with same colour. (B) Control delay task: 1-item working memory task. A rotating

dial is used to orient the probe bar (surrounded by circle) to match the orientation of the target bar

presented following a delay which was varied to match the different delays for items at each serial

position in the working memory task. (C) Control sensorimotor task: A rotating dial is used to orient the

probe bar (surrounded by circle) to match the orientation of the target bar presented directly above the

probe.
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Children completed 90 trials while adult participants completed 200 trials. PD patients

completed 100–200 trials depending on their availability.

Control tasks

Poor performance on the adjustment WM task might be due to factors other than the

ability to maintain four/three items. To control for some of these, the following tasks

were administered in random order, across the adult participants, including PD patients.

In the pre-cueing task, one of a four bars was cued, with a 100% valid cue, at the

beginning of each trial where participants later had to recall. This test the ability to pay

attention and filter out the non-cued items (bars) presented in a sequence. Both young and

healthy participants completed 200 trials of this task while PD patients completed 100–
200 trials depending on their availability.

In the 1-item task a single bar was presented, following by a delay matching the

durations from presentation of the probed bar at different serial positions within the WM

adjustment task (Figure 1B). This tests for the simple effect of time (delay) on WM recall

precision. Both young and healthy participants completed 200 trials of this task while PD

patients completed 100–200 trials depending on their availability.

In PD patients, children and a subset of healthy elderly participants (n = 10), we also

administered a sensorimotor control task (25 trials), where a probe appeared on screen
below a target bar and participants had to adjust the probe bar’s orientation to match the

orientation of the target which remained on screen until response (Figure 1C). This is

particularly important in the context of testing PD patients who might have difficulties

with dexterity in using the dial and childrenwhomight have continuingmaturation of fine

motor precision and sensorimotor co-ordination across the age range in our sample

(Pehoski, Henderson, & Tickle-Degnen, 1997).

Digit span

All participants performed both forwards and backwards digit span where letter

sequences of 2 to ≤8 with two sequences per list length, up to and including the span

where participants failed.

Corsi spatial span

Elderly participants and PD patients also completed forwards and backwards Corsi spatial
blocks. Spatial sequences of 2 to ≤8 were used, with two sequences per list length, up to

and including the span where participants failed.

Analysis

Delayed adjustment WM and control tasks

Recall performance was defined as the difference in response angle from target angle

(i.e., the probed item). Precision was defined as the reciprocal of the circular standard

deviation of error response (Bays & Husain, 2008) with less variability corresponding

to more precise memory.

Performance in the sensorimotor control task in children correlated with age. If one
assumes that sensorimotor error and recall error in theWM task contribute independently

Working memory recall precision 5



to performance in theWM task, we can estimate recall precision, corrected for changes in

sensorimotor performance by calculating precision as 1/sqrt (variance (WM error) –
variance (sensorimotor error)) (Burnett Heyes et al., 2012).

Digit and spatial span

We calculated span as the maximum sequence length which participants reported a

minimum of one sequence per list length correctly. Half a score was deduced if

participants performed only one of two correct per sequence length.

Results

WM precision correlates with span, across different age ranges

We first examined whether precision measures of WM correlate with digit or spatial span

tasks of memory in healthy participants. Interestingly the positive effects were with

backwards span measures, not forwards. WM precision correlated with backwards digit

span across the lifespan: in children (r2 = .26, p = .028; Figure 2A), young (r2 = .612,

p = .003; Figure 2B) and elderly healthy participants (r2 = .5, p = .026; Figure 2C).
Furthermore, WM precision correlated with backwards spatial span in elderly healthy
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people (r2 = .65, p = .002; Figure 2D). Thus WM precision correlated with traditional

measures ofWM, but only an index of ‘processing demand plus storage’ – backwards span

– rather than forwards span, which is considered a measure of simple storage. Moreover,

there was no significant correlation between backwards and forwards digit or spatial
spans andour controlmeasures (1-itemor 1-itempre-cue conditions) in children, young or

elderly participants.

WM precision, but not span, is modulated by dopamine in PD patients

Working memory precision in newly diagnosed unmedicated PD patients was signifi-

cantly impaired compared to 16 healthy age-matched controls from the 21 elderly

participants tested, t(26) = 2.77, p = .010; Figure 3A. After being established on daily
dopaminergic treatment for ~3 months, there was a significant increase in precision, t

(11) = 3.01, p = .012, reaching levels comparable – and not significantly different – to

normal levels on medication, t(26) = 1.05, p = .3.

Working memory impairments in PD patients pre-medication compared to healthy

controls was demonstrable at all serial positions within the sequence (Figure 3B; main

effect of group, F(1,104) = 15, p < .001). Post-medication, there was a significant

improvement in performance compared to pre-medication, across all positions (main

effect of medication, F(1,11) = 9.08, p = .012, main effect of serial position, F

(3,33) = 12.6, p < .001, with no significant interaction between medication and serial

position: F(3,33) = 2.5, p = .07).

Parkinson’s disease patients were also tested on forwards and backwards digit and

spatial spans. Further, there was no significant impairment on these measures in patients

pre-medication compared to healthy controls, on forwards digit (p = .25) and spatial span

(p = .78) or backwards digit (p = .44) and spatial spans (p = .84). Furthermore, therewas

no significant improvement ondopaminergicmedication inPDpatients in either forwards

digit (p = .9) or spatial span (p = .6), or backwards digit (p = .8) and spatial spans
(p = .21; Figure 3C).

A B C

Figure 3. Precision of recall in Parkinson’s disease before and after dopaminergic treatment. (A)

OverallWMprecisionwas significantly impaired in PDpatients pre-medication and improved significantly

after 3 months of dopaminergic medication. (B) Same pattern of findings was demonstrated at different

serial positions of the target within the sequence. (C) There was no difference in forwards and backwards

span measures of digit and spatial span in PD patients pre- and post-medication compared to healthy

controls.
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These findings demonstrate that although WM precision was impaired in PD patients

pre-medication and later improved on medication, no such change in span measures was

observed, suggesting that recall precision might be a more sensitive specifically when

dealing with small sample sizes and subtle changes in WM performance.

WMdeficits in PD patients cannot be explained by impairments in attentional filtering,

temporal decay or sensorimotor performance

To examine whether the differences in performance on ourWM task in PD patients were

caused by impairments in factors other than in WM, we investigated performance on our

three control tasks. There was no significant difference in the attention filtering (by

pre-cueing), decay over time (1-item memory), and sensorimotor control tasks in PD
patients pre- versus post-medication, and compared to healthy controls. Thus, changes in

WM precision in PD patients cannot be explained by changes in attentional filtering,

temporal decay or sensorimotor ability in PD.

Discussion

The primary aim of the present study was to establish whether WM precision tasks might

provide useful measures in neuropsychological studies. The findings demonstrate a

significant correlation between backwards – but not forwards – digit or spatial span and

WM recall precision in healthy people. It has been suggested that forwards spanmeasures

short-term storage, while backwards span reflects storage plus processing demand (e.g.,

manipulation of information) withinWM (Groeger et al., 1999). Although the distinction

between backwards and forward tasks is debated (Rosen & Engle, 1997), here we

observed a correlation between only the backwards span measures and delayed
adjustment tasks performance, potentially pointing to different underlying mechanisms,

as previously suggested.

Delayed adjustment tasks, such as the oneusedhere tomeasure recall precision, donot

simply rely on passive storage of single features. They also require maintenance of the

correct conjunction of features belonging to an item and retrieval of one of the

remembered features (here, orientation) when probed by another feature (colour). Thus,

we would contend that the processing demands of such a task is beyond simple storage.

Consistent with this view, our measure of WM using a delayed adjustment task
demonstrated a correlation with backwards span.

If these measures correlate with one another, then why bother to use WM precision?

Adjustment tasks of WM provide a means to examine the quality of information

maintained in WM rather than classic binary measures, investigating how well the

information is retained, rather than whether an item was remembered or not (Ma et al.,

2014). Thus, these tasks potentially provide a more sensitive measure of WM with the

potential to detect changes in performance when span tasks fail to do so. The second aim

of our study was to compare WM precision and performance on backwards digit and
spatial span, in a small group of PD, pre- versus post-medication, and compared to healthy

controls.

Working memory precision was significantly impaired in PD patients pre-medication

compared to healthy controls and importantly there was a significant improvement in

recall precision after ~3 months of being established on a daily dopaminergicmedication.

Our findings on WM deficits associated with PD are supported by several studies (Morris

8 Nahid Zokaei et al.



et al., 1988; Owen et al., 1997; Postle et al., 1999). However, the role of disease

progression on WM processes is highly complex and some investigations have failed to

identify WM impairments in non-medicated mild PD patients using variants of span tasks

(Owen et al., 1997; Owen et al., 1992; Owen, 2004). Using sensitive precision measures
of WM, we were able to demonstrate deficits in WM associated with early stages of the

disease.

The role of dopaminergic treatment on WM in PD patients is also unclear. Dopamine

has been shown to improve performance on spatial (Lange et al., 1992) and N-back WM

tasks (Mattay et al., 2002) in PD patients, but other studies have failed to demonstrate any

differences in WM between medicated versus non-medicated PD patients (Owen et al.,

1992). In the current report, WM precision significantly improved in early, newly

diagnosed PD patients, following only 3 months of dopaminergic medication. Crucially,
however, therewas no difference in digit or spatial span, either forwards or backwards, in

PD patients pre- versus post-medication.

Taken together the findings from the present research suggest that measurements of

recall precision provide a potentially useful tool that can aid researchers working on

clinical populations, intervention studies and small sample sizes to detectWMdeficits and

their modulation by interventions. Importantly, this methodology provides a means to

dissect out sources of error contributing to the pattern of performance. Using

computational modelling, it is possible to gain further mechanistic insight into the
nature of WM deficits (see Bays et al., 2009 for in depth description of the model and

Zokaei, Heider et al., 2014; Zokaei, McNeill et al., 2014 for an example).
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