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In this study, brain activation associated with forward and backward

digit recall was examined in healthy old and young adults using

functional MRI. A number of areas were activated during the recall. In

young adults, greater activation was found in the left prefrontal cortex

(BA9) and the left occipital visual cortex during backward digit recall

than forward digit recall. In contrast, the activation in the right inferior

frontal gyrus (BA 44/45) was more extensive in forward digit recall

than in backward digit recall. In older adults, backward recall

generated stronger activation than forward recall in most areas,

including the frontal, the parietal, the occipital, and the temporal

cortices. In the backward recall condition, the right inferior frontal

gyrus (BA44/45) showed more activation in the old group than in the

young group. These results suggest that different neural mechanisms

may be involved in forward and backward digit recall and brain

functions associated with these two types of recall are differentially

affected by aging.
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Introduction

Both forward and backward digit span recall have been widely

used to assess short-term memory and working memory respec-

tively in neuropsychological research and clinical evaluation

(Folstein et al., 1975; Hedden and Gabrieli, 2004; Risberg and
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Ingvar, 1973; Wechsler, 1939, 1981, 1997). However, the neural

mechanisms underlying digit span, especially the backward digit

span, remain unclear. Some researchers suggested that backward

digit span employs the same memory mechanism as forward digit

span (i.e., both involve verbal representations) (Richardson, 1977),

whereas other behavioral, neuropsychological, and optical imaging

studies have suggested that backward digit span might involve a

visuospatial process (Hoshi et al., 2000; Larrabee and Kane, 1986;

Li and Lewandowsky, 1993, 1995; Rudel and Denckla, 1974).

Recently, it has become more popular to assume that the backward

recall task measures working memory (particular the executive

function), and the forward digit recall is a short-term memory task

(Anderson and Grady, 2001; Halpern et al., 2003; Hedden and

Gabrieli, 2004).

For example, using optical tomography, Hoshi et al. (2000)

observed that the backward digit span task was associated with

more activation in the bilateral dorsolateral prefrontal cortex

(DLPFC) than the forward digit span task. Based on earlier work

that demonstrated the involvement of the right DLPFC in spatial

tasks (McCarthy et al., 1996; Smith et al., 1996), Hoshi argued that

the activation of the right DLPFC suggests the involvement of

visuospatial processing in the backward digit span task. However,

the activation of the right DLPFC is not exclusively linked to

visuospatial processing. In fact, various functions have been

associated with the right DLPFC (see Cabeza et al., 2000 for a

review). For example, Manoach et al. (1997) found that in a non-

spatial digit memory task unrelated to vision, an increase in

memory load was accompanied by increased activation in the right

DLPFC.

In a series of behavioral studies, Li and Lewandowsky (1993,

1995) investigated differences in processing forward and backward

digit span tasks. They found that the addition of an inter-item

arithmetic task, which separated the items by distracters and



Table 1

Demographic and performance data

Young Old

N 10 10

Age (range) 19–27 60–72

Age (mean F SD) 22.3 F 2.5 63.7 F 4.1

Male/female 5/5 5/5

Digit recall-forward, accuracy rate (% F SD) 87.5 F 9.0 95.0 F 5.8

Digit recall-backward, accuracy rate (% F SD) 85.0 F 7.7 88.3 F 9.0
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interfered with the association between the items but did not

include any visuospatial information, disrupted the forward but not

the backward recall. On the other hand, manipulating the level of

visual similarity or spatial position (randomly or fixed) of the

items, which changed visuospatial processing but did not influence

the association between the items, affected the backward but not

the forward recall. Therefore, Li and Lewandosky put forward a

Dual Retrieval Processes Model (DRPM) in which the forward and

the backward recall utilize different retrieval processes, the so-

called associative forward recall and visual–spatial backward

recall, respectively. These studies provided important evidence

for differences between the forward and backward recall tasks at

behavioral level. However, the question of whether different neural

mechanisms are involved in these two types of digit recall task

remains to be answered.

Understanding the neural mechanisms underlying the forward

and the backward digit recall tasks has important implications,

given the widespread use of digit span tasks as measures of short-

term memory and working memory in clinical and research

settings. For example, backward digit span impairment is central

to the profile of impaired cognitive performance in schizophrenia

(Stone et al., 1998). Furthermore, Simard and van Reekum (1999)

found that the digit span test is one of the most sensitive memory

tasks to assess the effects of some cognition-enhancing drugs for

Alzheimer’s disease. In aging research, some studies have

suggested that the backward digit span is more sensitive to the

effect of aging than the forward digit span. Carlesimo et al. (1994)

also found a normal forward verbal span but a reduced backward

verbal span in Alzheimer’s patients they tested. The Mini Mental

Status Examination (MMSE), a clinical test commonly used to

evaluate mental status of older adults, includes the backward digit

span instead of the forward digit span as one of its critical

measurements of cognitive functions, particularly working memory

and the executive function (Conklin et al., 2000; Folstein et al.,

1975; Halpern et al., 2003; Jacqmin-Gadda et al., 1997; Stone

et al., 1998; Wilde and Strauss, 2002).

In a more recent study, however, the link between aging and the

backward digit span task has been challenged. Myerson et al.

(2003) reanalyzed the forward and the backward digit span data

used to form the norm of the Wechsler-III intelligence test. Across

more than 60 years of adulthood, they found that the forward and

the backward digit span tasks were similarly affected by aging. The

differences between raw scores of these two types of digit span task

remain remarkably constant across adulthood. Considering possi-

ble compensation for changes in memory function, the similarity in

performance between the forward and the backward span tasks

does not necessarily mean that there is no difference in the neural

mechanisms supporting these two tasks during the aging process.

Thus, we explored the neural basis of differences between the

forward and backward digit recall tasks and the effects of aging on

these two types of recall using functional MRI.

There are two related goals of the present study. The first is to

use fMRI to investigate brain activities associated with the forward

and backward digit recalls, to hopefully provide important insights

into the differences between the mechanisms involved in these two

types of digit recall tasks at the neural level. FMRI allows us to

examine the activity of the entire brain during these memory tasks

(Posner, 1998), making it advantageous over other imaging

methods such as the optical tomography (Hoshi et al., 2000). The

second goal of the current study is to examine whether there are

age-related differences in brain activation associated with the
forward and backward digit recall tasks, testing the hypothesis that

aging differentially affects the brain mechanisms of these two tasks.
Materials and methods

Participants

Twenty right-handed healthy adults participated in this study

after providing informed consent. All of them were native Chinese

speakers. Half of the participants (five females) were older adults

with a mean age of 63.7 ranging from 60 to 72 years and the other

half (five females) were young adults with a mean age of 22.3

ranging from 19 to 27 years (see Table 1). The young and the old

groups were matched in years of education. Each participant’s

health status was examined through an interview prior to the

experiment. None of the participants had a history of neurological

or psychiatric disorders. The older adults were also given the Mini

Mental Status Examination (MMSE, Folstein et al., 1975) and all

of them scored in the normal range (i.e., between 28 and 30).

Paradigm and procedure

All participants performed forward and backward digit recall

trials when they were scanned. Both types of trials started with a

fixation-cross displayed for 500 ms in the center of the screen.

Subsequently, a series of digits (selected from 1 to 9 without

repetition) were presented sequentially at the location of the

fixation. To equalize the task difficulty for the young and old

adults, we presented eight digits to the young participants at a rate

of one digit per 500 ms (300 ms on, and 200 ms off), and five

digits to the old participants at a rate of one digit per 800 ms

(300 ms on, 500 ms off). After the last digit, a blank screen was

displayed for 6 s, at which time the participants were required to

look at the screen and covertly rehearse the digits continuously.

Following this retention interval, a cue was presented to instruct

the participants to recall the digits either in a forward or a backward

order (Li and Lewandowsky, 1993, 1995). The participant was

instructed to keep his or her head stationary and not to watch while

writing the recalled digits on a sheet of paper. One author stood

near the scanner and made the recording paper available after each

trial. The cue lasted until the onset of the next trial’s fixation-cross.

The total time allocated to recall and rest was 29.5 s (see Fig. 1).

Since all participants were able to finish the FR or BR task within

10 s, there was enough time (longer than 19.5 s) for the BOLD

signal to recover to the baseline level.

An LCDmonitor placed near the scanner bed was used to present

the stimuli to the participants. The fixation-cross, the digits, and the

cue to instruct participants to recall extended 28 � 28, 28 � 28, and



Fig. 1. The paradigm of forward and backward recall. The cue in Chinese

indicates bBackward RecallQ or bForward RecallQ.
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38 � 38 visual angle on the screen, respectively. The participants

viewed the stimuli through a mirror placed above their eyes.

There were 12 trials (six were FR and the other six were BR

trials) in each scanning session and the order of the FR and BR

trials was randomized and counterbalanced across the participants.

Two such scanning sessions was required of each participant, with

approximately 2 min between sessions.

Data acquisition

Images were obtained with a 1.5-T Siemens Vision MR System

(Siemens Medical Systems, Erlangen, Germany) equipped with

echo planar imaging capability. A circularly polarized head coil

was used, with foam padding to restrict head movements.

Functional images were acquired with a T2*-weighted echo-planar

imaging (EPI) sequence (TE = 51 ms, TR = 2 s, FOV = 24 cm)

with 16 axial slices (thickness: 5 mm, slice gap: 1.25 mm, voxel

size: 3.75 mm � 3.75 mm � 6.25 mm) that covered the whole

brain. Corresponding high-resolution T1-weighted spin-echo (for

anatomical overlay) and gradient-echo (for stereotaxic transforma-

tion) images were also collected. Each EPI scanning session lasted

8 min 6 s (243 images/slice). The first three images were discarded

to account for the approach to steady state in the MR signal.

Data analysis

To derive activation maps corresponding to the different tasks,

the fMRI data of our event-related study were analyzed in a

manner similar to that in our previous published study (Zhang

et al., 2004) using AFNI (Analysis of Functional NeuroImages,

http://afni.nimh.nih.gov/afni/, Cox, 1996). First, the raw data were

motion-corrected and normalized. After that, two types of epochs,

one for the backward recall and the other for the forward recall,

were extracted from the functional scanning sessions and averaged

to derive the average epochs corresponding to backward and

forward recall tasks, respectively, for each participant. Each

averaged epoch was 20 time frames in length and resulted from

12 trials. Multiple regression analysis was then used to analyze the

averaged data. In the multiple regression analysis, three memory

phases were considered to contribute to the BOLD response in one

epoch (FR or BR): stimulus (or encoding), delay (or active

maintenance/rehearsal in the mind), and recall (or retrieval).

Accordingly, three BOLD response models (stimulus, delay, and
recall) were built by convolving the corresponding boxcar

functions with the hemodynamic response function described by

Glover (1999). A partial F test was used to determine the

contribution of each phase and activation maps for the three

phases in the forward or backward recall epoch were based on the

F statistic results. Voxels showing reduced activation and those

that did not reach statistically significant threshold (P = 0.05) were

discarded. A minimum spatial cluster of four connected active

voxels was then applied to these maps to eliminate isolated false

activations. With the spatial clustering, the false positive level in

this study was b0.0004 (estimated with the AlphaSim in AFNI). In

the comparison of the results between the two tasks or the two

groups, only activations corresponding to the recall phase were

considered. Because, there were no procedural differences in the

stimulus and delay phases between them.

The ROIs in this study included the prefrontal cortex (BA9), the

gyrus frontalis inferior (GFi-BA44/45), the lobulus parietalis

superior (BA 7), the lobulus parietalis inferior (LPi-BA 39/40),

the supplementary motor area (BA 6), the occipital visual cortex

(BA17/18/19), the gyrus temporalis medius (GTm-BA 21), the

anterior cingulated gyrus (ACG-BA 32/24), and the medial

temporal lobe (MTL), as these areas have been suggested to be

involved in working memory (or short-term memory) or visuo-

spatial tasks in many previous imaging studies (Cabeza and

Nyberg, 2000; Hedden and Gabrieli, 2004; Li et al., 2004; Smith

and Jonides, 1997; Zhang et al., 2004). These ROIs were all

defined for each participant anatomically as follows. First, a set of

ROIs corresponding to the regions listed above were defined in a

standardized coordinate frame (Talairach and Tournoux, 1988).

Subsequently, these masks were transformed onto coordinates

corresponding to each participant’s anatomic data and were slightly

modified according to individual brain’s sulci and gyri structures

(Postle et al., 1999). These ROIs are task and activation

independent. In each participant, the activated voxels in each

ROI were collected and used to derive the activated volume and the

time course of each task for further analysis.

The activated volumes in the anatomically defined ROIs were

compared between the tasks (FR and BR) or the groups (young

and old). In each group, the activated volume between the FR and

the BR of each ROI were first compared (with t test) to ascertain

which ROIs exhibited a significant task effect. The next step was

to test the significance of the aging effect. Because potential

differences in hemodynamic response properties between the

young and the old participants may confound the results, a

conservative approach of testing for the age-by-task interaction

(D’Esposito et al., 2003; Logan et al., 2002) was used. Thus, a

repeated-measures analysis of variance with a between-subject

factor comparing age (young and old) and a within-subject factor

comparing task (FR and BR) was conducted on the activated

volume data for each ROI. In ROIs showing significant age-by-

task interaction, a planed t test (independent sample t test) was

applied to test whether the FR or the BR had a significant

difference between the age groups. Finally, in order to test whether

the activities in the regions with significant age-related difference

are functionally relevant to the tasks in the older adults, a

correlation analysis between brain activation and behavioral

performance (Anderson and Grady, 2001) was performed. Specif-

ically, we performed a correlation analysis between the activated

volume and the accuracy in the ROIs exhibiting significant age-by-

task interaction and a significant difference between the groups in

at least one task (FR or BR).

 http:\\www.afni.nimh.nih.gov\afni\ 
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To compare the BOLD response across different conditions

based on the same set of relevant voxels, the FR and the BR

activation maps were combined with a logical bORQ to generate a

composite map. Activated pixels in the composite map within the

anatomic ROIs were identified and average unit-epoch (20 time

frames) time courses were extracted from these identified voxels

for individual tasks and individual subjects. Accounting for the

hemodynamic delay of the BOLD response (about 4–6 s), the

BOLD signal in frames 8–10 were averaged and taken as the FR/

BR signal, and the average signal in frames 1, 2, 19, and 20 was

taken as the baseline signal. This approach of the BOLD signal

analysis is similar to that used in our previous study (Zhang et al.,

2004).
Results

Behavioral data

A repeated-measures analysis of variance (SPSS 10.0 sta-

tistical software package) with a between-subjects factor compa-

ring age (young and old) and a within-subjects factor comparing

task (FR and BR) was conducted on the recall accuracy data (see

Table 1). The effects of neither the age nor the task were

significant [F(1,18) = 3.79, ns (P N 0.05) for age, and F(1,18) =

4.24, ns for tasks]. There was no interaction between the age and

the tasks [F(1,18) = 0.875, ns]. These results show that

the performance accuracy was similar between the old adults

and the young adults, suggesting that through the adjustment

of the test parameters, the task difficulty was reasonably matched

in these two age groups. Therefore, any differences between

the groups found in the following imaging data are more likely

due to the effects of aging than the differences in task

difficulties.

fMRI data

Activated volume

For the predefined ROIs, the activated volume of each

participant in each ROI for each task is given in Table 2. To

examine the specific differences in activation between the forward

and the backward digit recall tasks, the t test was used to compare

the activated volume of a given ROI in each group (threshold P b

0.05). The results did not show any differences in activation

between the forward and backward recall tasks during the stimulus

and the delay phases of the memory trials. In contrast, in both

young and old groups, significant differences in activated volume

between the two tasks were only seen during the recall phase. More

details regarding the activations during the recall phase are

presented in the following sections.

Young adult group

Two ROIs exhibited larger activated volume in the backward

recall task than in the forward recall task (see Fig. 2, Table 2).

These two areas were both located in the left hemisphere.

Specifically, they were the prefrontal area (BA9, t = 2.506, P =

0.034) and the occipital visual cortex (BA 17/18/19, t = 3.031,

P = 0.014). In contrast, only the right gyrus frontalis inferior

(GFi-BA 44/45) showed greater activated volume in the for-

ward recall task than in the backward recall task (t = �2.325,

P = 0.045).
Older adult group

In this group, the backward recall task elicited more extensive

activation than the forward recall task in many cortical regions in

both left and right hemispheres (see Table 2). These regions

included: the DLPFC-BA 9 (left t = 3.498, P = 0.007; right t =

2.689, P = 0.025), the supplementary motor area-BA 6 (left t =

4.519, P = 0.001; right t = 2.770, P = 0.022), the lobulus parietalis

superior-BA 7 (left t = 3.344, P = 0.009; right t = 2.574, P =

0.030), the lobulus parietalis inferior-BA 40/39 (left t = 3.565, P =

0.006; right t = 2.974, P = 0.016), the occipital visual cortex-BA

17/18/19 (left t = 2.662, P = 0.026), the gyrus temporalis medius-

BA 21(left t = 2.485, P = 0.035; right t = 2.656, P = 0.026), and

the gyrus frontalis inferior-BA 44/45 (left t = 3.417, P = 0.008). In

contrast, no cortical region was more activated during the forward

recall than during the backward recall in this group.

Test between groups

A repeated-measures analysis of variance with a between-

subjects factor comparing age (young and old) and a within-

subjects factor comparing task (FR and BR) revealed that there was

a significant interaction (threshold P b 0.05) between the age group

and the task in the right GFi-BA44/45 [F(1,18) = 5.693, P =

0.028; no main effect of group, F(1,18) = 0.959, ns; and no main

effect of task, F(1,18) = 0.107, ns] (see Fig. 3B). This result

suggests that in this ROI, there may be a genuine difference in

brain activity between the age groups that cannot be attributed to a

difference in hemodynamic response between these groups (Logan

et al., 2002). A planned contrast t test (independent sample t test,

threshold P b 0.05) between groups in this ROI revealed that the

older participants exhibited more activation than the young

participants in the right GFi-BA44/45 (t = 2.436, P = 0.031)

(Fig. 3A) during the backward recall, while no significant

difference was seen between the groups in the forward task.

In the older participants, there was a significant positive

correlation (threshold P b 0.05) between the activated volume

and the accuracy in the backward recall task (r = 0.642, P = 0.045)

but not in the forward recall task (r = 0.444, ns) (Fig. 3C). The

young participants showed no significant correlation either in the

backward (r = �0.387, ns) or in the forward recall task (r =

�0.141, ns).

BOLD signal change

Young adult group

The results of the BOLD signal change were similar to that of

the activated volume (see Fig. 2 and Table 2). In the DLPFC-BA 9

(left t = 3.412, P = 0.008; right t = 2.975, P = 0.003) and the

occipital visual cortex-BA 17/18/19 (left t = 2.282, P = 0.048; right

t = 2.479, P = 0.035), the BOLD signal change during the BR task

was significant higher than during the FR task. The opposite trend

was marginally significant in the right GFi-BA 44/45 in the young

participants (t = �2.161, P = 0.059). Additionally, in the lobulus

parietalis superior-BA 7 (left t = 2.878, P = 0.018; right t = 2.753,

P = 0.022) and the lobulus parietalis inferior-BA 40/39 (left t =

4.115, P = 0.003) and the left GFi-BA 44/45 (Broca area, t =

2.291, P = 0.048), the BOLD signal change was greater during the

BR task than during the FR task.

Older adult group

In this subject group, the BOLD response analysis revealed the

same pattern of results as the activated volume analysis (see Table
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he activated mean volume, the BOLD signal change, and the Talairach coordinates

OIs

Brodmamn area)

Left Right

Talairach’s coordinate Activated volume (mm3) BOLD signal change (%) Talairach’s coordinate Act ted volume (mm3) BOLD signal change (%)

x y z FR BR P FR BR P x y z FR BR P FR BR P

oung
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�17.8 �59.0 42.9 2026 3652 0.009 1.22 1.70 b0.001 23.9 �55.7 43.1 135 2382 0.030 1.18 1.50 0.007
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,y,z: The mean coordinates of backward recall activated voxels centroid (The forward’s are very similar to the backward in all ROIs.) in the standardize coordinate frame (Talairach and Tournoux, 1988).

: Not significant.

FR N BR.

Marginally significant (FR N BR).

X
.
S
u
n
et

a
l.
/
N
eu
ro
Im

a
g
e
2
6
(2
0
0
5
)
3
6
–
4
7

4
0

T

T

R

(

Y

9

3

4

6

7

4

1

2

M

O

9

3

4

6

7

4

1

2

M

x

–
a

b

iva

7

6

3

0

3

9

9

3

0

9

9

2

2

8

2

3

8

6

d



Fig. 2. The activated maps, the averaged activated volume, and the averaged time course of BOLD signal of the 3 areas [i.e., the left DLPFC-BA 9 (A), the left

occipital visual cortex-BA 17/18/19 (B), and the right GFi-BA 44/45 (C)] with significant difference between the two tasks in young participants. From left to

right, the first and second columns display the activation in the forward and backward recall task, respectively, in one young participant. The corresponding

ROIs were demarcated with black lines. The third presents the averaged activated volume during the two tasks in the young group in corresponding ROI. Error

bars represent the SE. The last column shows the averaged BOLD signal time course ( y axis = BOLD signal; x axis = time frame). Each data point corresponds

to the mean percent signal. Frames 8, 9, and 10 were taken as the response of the recall phase (accounting for appropriate hemodynamic lag). Error bars also

represent the SE.
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2). The backward recall task generally had greater BOLD signal

change than the forward recall task in many cortical regions on

both left and right hemispheres. These regions included: the

DLPFC-BA 9 (left t = 7.078, P b 0.001; right t = 3.383, P =

0.008), the supplementary motor area-BA 6 (left t = 7.016, P b

0.001; right t = 3.322, P = 0.009), the lobulus parietalis superior-

BA 7 (left t = 5.321, P b 0.001; right t = 3.513, P = 0.007), the

lobulus parietalis inferior-BA 40/39 (left t = 7.248, P b 0.001), the

occipital visual cortex-BA 17/18/19 (left t = 4.763, P = 0.001; right

t = 3.825, P = 0.004), the gyrus temporalis medius-BA 21(left t =

2.774, P = 0.022), and the gyrus frontalis inferior-BA 44/45 (left t =

4.651, P = 0.001; right t = 2.425, P = 0.038). In contrast, no

cortical region exhibited a larger response during the forward recall

than during the backward recall in this group.

Test between groups

We found that there was a significant interaction between the

age group and the task in the right GFi-BA 44/45 [F(1,18) = 10.44,

P = 0.005; significant main effect of group, F(1,18) = 5.224, P =

0.035; and no main effect of task, F(1,18) = 0.500, ns]. The

older participants showed more activation than the young

participants in the backward recall task in the right GFi-BA44/45

(t = 3.696, P = 0.002) (Fig. 3D). In addition, no significant
correlation between the accuracy in performing a given task and

the BOLD signal change in either young or old group in the right

GFi-BA44/45.
Discussion

The results of the present study show that both the forward digit

recall and the backward digit recall tasks activated a network of

brain areas in the frontal, the parietal, the temporal, and the

occipital cortices. Furthermore, the results revealed interesting

differences in brain activity associated with the forward digit recall

and the backward digit recall. Responses in these regions of

interests will be discussed in more detail and possible neural

mechanisms underlying these two types of digit recall as well as

any aging effect exhibited in these memory tasks will also be

considered.

Comparison between the BR and the FR tasks in the young group

BR N FR in the visual occipital cortex

Both the activated volume and the BOLD signal response in the

occipital visual cortex were greater when digits were recalled in



Fig. 3. Comparison of the activity in the right GFi-BA 44/45 between the young and the older group. (A) The activated map of the backward recall task in one

old and young participant, the corresponding ROI is delineated in black. (B) Significant age-by-task interaction is found in the activated volume result. Error

bars show the SE. (C) Significant positive correlation is found between the activated volume of the backward recall task and its accuracy rate. (D) The averaged

time course of BOLD signal shows significant difference between the two groups in backward recall, but not in forward recall. Error bars represent the SE.

X. Sun et al. / NeuroImage 26 (2005) 36–4742
backward order than in forward order (see Fig. 2B). The occipital

cortex is primarily involved in processing visuospatial information.

The activation of the occipital visual cortex in memory tasks was

also found in earlier neuroimaging studies by us and others (Heun

et al., 2004; Li et al., 2004; Zhang et al., 2003). Using two

convergent techniques (PET and TMS), Kosslyn et al. (1995, 1999)

demonstrated that the occipital visual cortex (e.g., BA 17) was

activated in visual mental imagery. Additionally, the BOLD signal

change during the backward recall task was significantly higher

than that during the forward recall task in the parietal lobe (BA 7

and BA 40/39). According to previous studies (e.g., Ganis et al.,

2004; Trojano et al., 2002), the parietal cortex also plays a role in

the visual mental imagery. Based on these studies and the fact that

an identical visual cue (see Fig. 1) was presented during the

forward and backward recall tasks in the present study, the greater

activation in the occipital and the parietal cortices seen in the

present study may indicate the usage of mental-imagery in the

backward digit recall task. The present finding is also consistent

with the finding of Paivio (1971) that the use of imagery greatly

improved memory and with the idea that the backward recall may

require the translation of a given serial order in the temporal
domain into spatial coordinates, proposed by Rudel and Denckla

based on their neuropsychological findings that patients with

impairment of backward digit repetition had difficulties with

spatial tasks and tasks that require correlational matching of serial

and spatial orders (Rudel and Denckla, 1974). Although this idea

was recently suggested again by Hoshi et al. (2000) based on

results from their near-infrared optical tomography study, the

current study provides more direct and definitive evidence

supporting the possible involvement of the visuospatial processing

or mental imagery in the backward digit recall.

BR N FR in DLPFC (BA9)

The present study reveals that DLPFC (BA9) was activated to a

greater spatial extent and with a higher BOLD signal change in the

backward digit recall task than in the forward recall task (see Fig.

2A). This finding is consistent with the view that backward recall

taps into the executive process of working memory. In other words,

recalling digits backward requires holding the digits in short-term

memory and performing a mental manipulation on them (Anderson

and Grady, 2001; Carlesimo et al., 1994; Halpern et al., 2003;

Hedden and Gabrieli, 2004). Patients with impaired executive
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processes, such as Frontotemporal Dementia (FTD) could be

normal in the forward digit span but impaired in the backward digit

span. FTD patients generally have prefrontal pathology with intact

occipital cortex (Arnold et al., 2000). In line with this important

finding, the activation of the DLPFC found in the present study is

unlikely an epiphenomenon. This result suggests that the DLPFC

play an important role in the backward digit recall.

FR N BR in the right GFi (BA 45/44)

In the young adult group, the right GFi was significantly more

activated during forward digit recall than during backward digit

recall (see Fig. 2C). The right GFi has been found active in a

number of episodic memory recall tasks (Lepage et al., 2000;

Nyberg et al., 2002; Ragland et al., 2000; Wiggs et al., 1999). In

addition, the right frontal regions have been reported to be more

involved in retrieving the temporal order of memory items than the

identity of memory items (Cabeza et al., 2000). Our finding of

greater activation in the GFi during the forward recall is consistent

with the Dual Retrieval Process model that a temporal order

processing (i.e., temporal association between items) may be

engaged in recalling digits in the order as they were presented (Li

and Lewandowsky, 1993, 1995). However, other studies have

suggested that the right GFi supports inhibition or monitoring

during retrieval (Aron et al., 2004 for review; D’Esposito et al.,

2000). Given the multiple possibilities, a concrete explanation for

the increased activity observed in the right GFi in the forward

recall remains an open question.

Neural basis of FR and BR processes

We found that the dominant active regions were different during

the forward recall and backward recall tasks, which may suggest

different underlying processes involved in these two tasks. This

finding may be a piece of critical neural evidence supporting a

cognitive model of dual processes, such as the model proposed by

Li and Lewandowsky (1993, 1995) based on a series of behavior

experiments. As argued by Tovee (1999), to claim one cognitive

process is different from another, they should have different

functional characteristics as well as anatomically distinct neural

bases. In the present study, with neuroimaging measurements, we

found that the brain regions that mediated backward recall are

different to some extent from those mediating forward recall.

More specifically, our results strongly support the involvement

of visual–spatial functions in the backward recall as specified in the

DRPM (Li and Lewandowsky, 1995). That is, the dominant

activation in the occipital and parietal cortices during the backward

digit recall task suggests the engagement of visuospatial imagery

processing when recalling digits in backward order. In contrast, the

dominant activation in the right GFi (BA 44/45) in the forward

recall task is consistent with the engagement of recalling the

temporal association of items during the forward digit recall, as

suggested by the DRPM.

The present study indicates that the DLPFC (BA 9) may play a

special role in the backward recall, a finding that is not explicitly

predicted by the DRPM (Li and Lewandowsky, 1995). However,

the involvement of DLPFC in the backward recall is consistent

with the predictions from the working memory model. A number

of neuroimaging studies have found that the DLPFC may play an

important role in tasks that involve the executive functions (Cabeza

and Nyberg, 2000; D’Esposito et al., 2000 for review), such as

manipulation of the information temporally stored in working

memory (Postle et al., 1999) and coordinating the activities
between the two slave systems (e.g., the phonological loop and

the visuospatial sketchpad; Baddeley, 1992, 1996). Apparently, the

backward digit recall task involves the executive functions in that

the digits stored in working memory in the presented order need to

be manipulated to reverse their temporal order. On the other hand,

the information stored in the phonological loop and the visuospa-

tial functions performed in the visuospatial sketchpad need to be

coordinated as well (Baddeley, 2000; Owen et al., 1998). Thus, our

data suggest that the executive control may be a critical component

that underlies backward recall processes.

Comparing the brain activation pattern between the young and the

older adults

In the older group, compared to the young group, there were

more areas in both the left and the right hemispheres found to be

more activated in the backward task than the forward task, but no

region was found to be more activated in the forward task than in

the backward task. These results suggest that aging may diffe-

rentially affect the backward and the forward digit recall tasks.

Given that the activations in the right GFi (see Fig. 3B) showed

significant interaction between the group (young and old) and the

task (FR and BR), the observed activation difference of this brain

area between groups cannot be solely attributed to general

differences in hemodynamic response between the groups (D’Es-

posito et al., 2003; Logan et al., 2002) and the activation difference

is task-specific to an extent. In this brain area, the older group had

more activation than the young group only during the backward

recall task, but there was not much difference between the groups

during the forward recall task. These results suggest that the aging-

related activation difference in the right GFi might be primarily due

to the difference in the backward recall task. As mentioned earlier,

the backward recall is a working memory task which needs the

executive functions such as manipulation (Anderson and Grady,

2001; Conklin et al., 2000; Stone et al., 1998). Furthermore, the

age-related changes are more apparent in the tasks demanding the

executive functions (e.g., high level of attention and control

process). In this condition, the task may recruit other brain regions

that are not typically associated with the task for compensation or

for adaptive coding in the older adults (Anderson and Grady, 2001;

Buckner, 2004; Duncan, 2001). The present study showed more

activation of the DLPFC (BA9) in the backward recall in the young

adults, indicating that the backward recall may depend more

heavily on the executive functions than the forward recall. Thus,

the aging-related change of activation in the DLPFC may be

associated with the backward recall task instead of the forward

recall task.

The significant positive correlation between the fMRI activated

volume and the performance accuracy in the older group but not in

the younger group in the right GFi-BA 44/45 is consistent with

previous studies (Rypma and D’Esposito, 2000; Stebbins et al.,

2002) (Fig. 3C). For example, Stebbins et al. (2002) found that the

spatial extent of fMRI activation in a memory task in the right

inferior frontal gyrus was positively associated with memory recall

performance in the older participants, while it was not significant

in the younger participants. Many imaging studies have shown

bilateral activation in elderly people and unilateral activation in

young people performing the same task (Buckner, 2004; Reuter-

Lorenz, 2002 for review). In line with these results, the data of

Stebbins et al. (2002) and our results that the activated volume is

positively correlated with the memory performance, suggest that,

in addition to the increase of BOLD signal change (i.e., Grady
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et al., 2003), the increase of the spatial extent may reflect another

aspect of aging for a demanding task. A similar view is held by

Reuter-Lorenz et al. (1999) that bas people age, more units would

be needed to supply the required capacity for a taskQ.
The significant positive correlation between the cortical activity

and performance accuracy suggests that activity in the GFi-BA 44/

45 may be functionally relevant to the backward recall task in older

adults. The discovery of additional and functionally important

activity during the backward recall task in older adults is consistent

with the compensation hypothesis that older people may recruit

new cortical resources to compensate for the aging-related func-

tional decrease (Cabeza et al., 2000; Grady et al., 2003; McIntosh

et al., 1999). In the extreme case of brain damage, compensation,

or as Duncan called it, adaptive coding, may also occur (Duncan,

2001). Other studies have reported that enhancement in one area is

often accompanied with reduced activation in other areas (Logan et

al., 2002), for example, in DLPFC and MTL, this was not observed

in the present experiment. Another possible way to explain the

present result is that older adults have weaker connections in a

large-scale network (Cabeza et al., 2002; McIntosh et al., 1999) or

reduction of the processing efficiency in these brain areas (Grady et

al., 1992, 1998), so that these regions need to bwork harder Q or
even use different strategies (Grady et al., 1998). Further studies on

functional connectivity may help verify these possibilities.

DRPM to explain the aging effects

The working memory model seems to give a reasonable

explanation for the present results. Can we also explain the

findings, particularly the aging effect, in the framework of the

DRPM (Li and Lewandowsky, 1995)? In the DRPM, backward

recall relies heavily on visuospatial processing in the occipital

visual cortex. However, it is generally considered that visual

processing in the occipital cortex is not as sensitive to aging as the

executive functions in the frontal lobe (Raz et al., 2004). Because

DRPM does not have explicit descriptions of the role of the

executive and the neural correlates (DLPFC) in backward recall, it

does not directly predict the observed aging effect.

However, some previous studies have shown an aging effect in

both the occipital and prefrontal cortices. In particular, Grady et al.

(1994) found decreased activity in the visual cortex but increased

activity in the PFC in a visual memory task in older people.

Mental imagery is not restricted to visuospatial processing in the

visual cortex, but also involves processes in other brain areas,

depending on the nature of the imagery task. For example,

working memory and the PFC are involved in some imagery tasks

(Kosslyn et al., 2001; Mellet et al., 1998 for review). Based on the

relationship between the behavioral performance of imagery tasks

and the PFC volume in healthy adult participants (from 19 to 77

years), Raz et al. suggested that age-related deficits in perform-

ance of mental imagery tasks may stem in part from age-related

PFC shrinkage and deterioration of working memory, but not from

age-related slowing of sensorimotor reaction time (Briggs et al.,

1999; Raz et al., 1999). With these considerations, an expanded

DRPM may conceivably account for the aging effect on backward

recall.

Clinical implications

Working memory is at the core of many cognitive functions and

critical to general human intelligence (Baddeley, 1992, 1996;

Wickelgren, 1997). Working memory impairments exist in many
serious diseases such as dementia and schizophrenia (Albert, 1996;

Gabrieli, 1996). Backward recall is widely used as a measurement

of working memory and a subtest of MMSE for monitoring PFC

function and detecting its changes, which are critical in the

diagnosis of dementia and in the evaluation of efficacy of drug

treatments and other interventions for aging and dementia

(Carlesimo et al., 1994; Graf et al., 2001; Jonker et al., 2003;

Nagaraja and Jayashree, 2001; Schneider et al., 1996; Simard and

van Reekum, 1999).

PFC plays a critical role in many important and general

cognitive functions, including executive control (Roberts, 1996),

manipulation (D’Esposito et al., 2000), and general intelligence

(Duncan et al., 2000). Consequently, the aging-related functional

decline of PFC may produce a deficit in many cognitive

functions. PFC pathologies have been found in dementia [frontal

dementia (FD), frontotemporal dementia (FTD), and Alzheimer

Disease (AD); Arnold et al., 2000]. Some neuropsychological

studies have revealed executive deficits in Mild Cognitive

Impairment (DeCarli et al., 2004; Griffith et al., 2003; Johnson

et al., 2004; Ready et al., 2003) and that the executive

dysfunction may facilitate early detection of AD (Chen et al.,

2000, 2001; DeCarli et al., 2004).

Age-related changes of neurochemistry, volume, white matter

(connections between neurons), and the function of PFC develop

gradually throughout adulthood (Hedden and Gabrieli, 2004).

Since heavier reliance on the PFC was shown in the backward

recall than in the forward recall in older adults, the present results

suggest that the backward digit span task may serve as a good

assessment tool for older adults’ working memory or executive

functions.

In normal aging people, the differential aging effects associated

with these two types of recall may be only evident at the neural

level. Given the extensive neuronal compensation in the backward

recall task, older subjects may not show a greater decline

behaviorally in the backward digit span task (Myerson et al.,

2003). However, even with similar performance, the age-related

difference in the neural substrates between the forward recall and

the backward recall may be detected with fMRI, as shown in this

study. Other researchers have suggested that fMRI may be more

sensitive than behavioral measurements (Hariri and Weinberger,

2003; Honey and Bullmore, 2004; Honey et al., 2004; Mattay and

Goldberg, 2004; Wilkinson and Halligan, 2004), and fMRI has

been used to investigate the biological basis of aging and dementia

(Anderson and Grady, 2001; Buckner, 2004; Hedden and Gabrieli,

2004) and its use has been explored for the early detection of

dementia (Bookheimer et al., 2000; Small, 2002). Thus, the

paradigm used in the present study may have potential clinical

applications as well.
Conclusions

In the present study, we examined and compared the neural

correlates of backward digit recall to forward recall in healthy old

and young adults in the entire brain using fMRI. Compared to the

forward recall task, the backward recall task activated the left

occipital visual region and the left PFC (BA9) more greatly,

supporting the involvement of visuospatial processing (Hoshi et al.,

2000; Larrabee and Kane, 1986; Li and Lewandowsky, 1995;

Rudel and Denckla, 1974) and the central executive function

(Carlesimo et al., 1994) in backward digit recall. The right GFi was
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found to be more activated in forward recall than in backward

recall in young adults. The regions strongly activated in these two

recall tasks showed little overlap, providing important neural

evidence for a dual process model for these two types of recall. Our

results also provide specific support for the view of the DRPM that

the backward recall relies on visual–spatial processing (Li and

Lewandowsky, 1995).

When brain activation patterns were compared across age

groups, it was found that more regions, especially the frontal

cortex, exhibited greater activation in the backward recall task than

in the forward recall task in older adults. Moreover, the right GFi

(BA 44/45) showed more activation during the backward recall in

older adults than in young adults. This result suggests that

backward digit recall is more affected by aging than forward

recall at the neural level. These results may help to clarify the

controversy on the specific role of the backward digit span in

MMSE, as well as in the measurement of working memory

functions. Furthermore, the fMRI paradigm used in the present

study may be potentially adapted for clinical tests.
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