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Abstract

Alteration of dynamic range of modulation to cognitive difficulty has been proposed as a salient 

predictor of cognitive aging. Here we examine in 171 adults (aged 20–94 years) the effects of age 

on dynamic modulation of BOLD activation to difficulty in parametrically increasing working 

memory load (0-,2-,3-,4-back conditions). First, we examined parametric increases and decreases 

in activation to increasing WM load (positive modulation effect and negative modulation effect). 

Second, we examined the effect of age on modulation to difficulty (WM load) to identify regions 

that differed with age as difficulty increased (age-related positive and negative modulation effects). 

Weakened modulation to difficulty with age was found in both the positive-modulation (middle 

frontal, superior/inferior parietal) and negative-modulation effect (deactivated) regions (insula, 

cingulate, medial superior frontal, fusiform, and parahippocampal gyri, hippocampus, and lateral 

occipital cortex). Age-related alterations to positive modulation emerged later in the lifespan than 

negative modulation. Further, these effects were significantly coupled in that greater up-

modulation was associated with lesser down-modulation. Importantly, greater frontal-parietal up-

modulation to difficulty and greater down-modulation of deactivated regions was associated with 

better task accuracy and up-modulation with better working memory span measured outside the 

scanner. These findings suggest that greater dynamic range of modulation of activation to 

cognitive challenge is in service of current task performance, as well as generalizing to cognitive 

ability beyond the scanner task, lending support to its utility as a marker of successful cognitive 

aging.
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1. Introduction

As we age, most fluid cognitive functions decline, including one of the most fundamental 

cognitive skills, working memory (WM) (Babcock and Salthouse, 1990; Park et al., 2002; 

Salthouse, 1994; Van der Linden et al., 1994). Both manipulation of items in working 

memory (Dobbs and Rule, 1989) and the updating of this information (Artuso et al., 2016; 

Clarys et al., 2009; van der Linden et al., 1994; Hartman et al., 2001) decline with increasing 

age. The n-back paradigm has been widely utilized in behavioral and functional magnetic 

resonance (fMRI) studies of WM (Owen et al., 2005; Rottschy et al., 2011), as it requires 

participants to monitor and flexibly update items kept in WM, and because WM load can be 

parametrically increased to examine change in BOLD response to increasing cognitive 

demand. WM robustly engages regions of bilateral dorsolateral prefrontal cortex (DLPFC), 

posterior parietal cortex (PPC), cingulate gyrus, and lateral cerebellar cortex (Cabeza and 

Nyberg, 2000). The n-back task consistently activates regions of the cognitive control 

network: premotor, middle frontal gyrus, anterior cingulate gyrus, and posterior parietal 

cortex (Owen et al., 2005). In younger adults, increasing WM load is associated with 

increasing modulation of activation in these fronto-parietal regions (Manoach et al., 1997).

Parametric n-back tasks have been utilized across various populations and contexts (Braver 

et al., 1997; Callicott et al., 1999; Choo et al., 2005; Cohen, 1997; Druzgal and D’Esposito, 

2001; Jansma et al., 2000; Jonides et al., 1997) including the study of normal aging (Cappell 

et al., 2010; Heinzel et al., 2014, 2016; Mattay et al., 2006; Nagel et al., 2009; Nyberg et al., 

2009; Rypma and D’Esposito, 2000; Sala-Llonch et al., 2012; Schulze et al., 2011). In 

general (with the exception of Kaup et al., 2014 and Wishart et al., 2006), aging studies rely 

on comparison of extreme age groups (i.e. young vs. old) to examine age differences in 

modulation to increasing WM load, rather than examining the entire adult lifespan. These 

comparisons find unilateral prefrontal cortex response in younger adults, but bilateral frontal 

activation in older adults, with some studies finding greater activation in old compared to 

younger adults, at lower (e.g., 1-back and 2-back) WM loads (Mattay et al., 2006; Prakash et 

al., 2012; Reuter-Lorenz et al., 2000; Schneider-Garces et al., 2010). These extreme age-

group comparisons, however, omit two important portions of the lifespan, namely middle-

age and very old adulthood. In a growing number of recent studies (Ankudowich et al., 

2016; Chan et al., 2014; Grady et al., 2006; Kennedy et al., 2015; Kwon et al., 2016; Park et 

al., 2013; Rieck et al., 2017), middle-age has been illustrated to be an essential piece of 

information in determining when functional brain changes occur in adulthood. Structurally, 

the fronto-parietal regions included in the canonical WM network are known to degrade with 

age around this time in both gray and white matter (Kennedy and Raz, 2009; Raz et al., 

2005), and these declines are related to poorer cognition (Kennedy and Raz, 2009; Raz and 

Rodrigue, 2006).

Recent research has pin-pointed middle-age as a time when important functional changes in 

modulation to difficulty appear (Kennedy et al., 2015; Rieck et al., 2017). Using a spatial 

distance judgment paradigm, Rieck et al., 2017 found reduction in dynamic range of BOLD 

modulation to parametrically increasing difficulty in both fronto-parietal up-modulation (i.e., 

the ability to increase activation from easier to more difficult conditions) and in down-

modulation (i.e., ability to increase deactivation from easier to more difficult conditions) of 
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deactivated regions (such as vmPFC) with age. This reduced dynamic range was evident in 

early middle-age for down-modulated regions, but not evident until older-age in up-

modulated brain regions, suggesting that these modulatory processes follow different aging 

trajectories. Interestingly, it is increasingly hypothesized that these processes are not 

independent, but act in synergy. Turner and Spreng (2015) have hypothesized that aging 

brings about an increased coupling of activation of these “default” (i.e., medial frontal, 

anterior and posterior cingulate, hippocampal formation) and “executive” (i.e., dorsolateral 

prefrontal, posterior parietal, cingulate) systems, or DECHA (Default-Executive Coupling 

Hypothesis of Aging), possibly as an adaptive support for declining fluid abilities with 

aging. Rieck et al (2017) found significant coupling of up-modulated and down-modulated 

regions, in that individuals who showed greater modulation in one direction also showed 

greater modulation in the other direction. Interestingly, greater coupling was associated with 

higher fluid intelligence. To be able to interpret the nature of alterations in BOLD data, i.e., 

whether they are beneficial, detrimental, or unrelated to performance, these differences need 

to be yoked to cognition, ideally to both task performance during scanning and to measures 

of related cognitive processes assessed outside of the scanner (Grady, 2012).

Here, we aimed to address these issues in the existing literature by examining the full adult 

lifespan, with substantial sample size, utilizing a richer parametric increase in working 

memory load than generally used to determine the nature of age-related alterations in 

dynamic range by yoking BOLD modulation to task performance and out-of-scanner 

cognition. Thus, the current study sought to characterize age-related differences in 

modulation to parametrically increasing WM load in a large lifespan sample of healthy 

adults. Specifically, we aimed to examine when in the lifespan alterations to up-modulation 

and down-modulation occur, whether and how these shifts in dynamic range are coupled, 

and whether they are related to task performance and generalize to working memory beyond 

the scanner environment. To test this, 171 individuals aged 20–94 years old underwent fMRI 

scanning during a digit n-back paradigm with blocks of incrementally increasing working 

memory load: 0-, 2-, 3-, 4-back, allowing us to model both age and WM load as continuous 

variables. We hypothesized that both positive and negative modulation to difficulty would 

decrease with age, that this modulation would be significantly coupled, and that greater 

dynamic range of modulation would be associated with better working memory, both during 

scanning and on a test of WM span.

2. Methods

2.1 Participants

Participants consisted of 171 individuals aged 20–94 (mean age = 53.03 ± 19.13 years; 100 

women; 71 men) recruited from the greater Dallas metro area via media advertisements and 

flyers. All participants received compensation for their time. Prior to enrollment, participants 

completed a health history screening, telephone, and in-person interviews. All individuals 

were screened against neurological, psychiatric, metabolic, and cardiovascular disease 

(except for controlled essential hypertension, n = 35), head trauma with loss of 

consciousness, diabetes, and cognition-altering medications. To screen for dementia and 

depression exclusion, participants completed the Mini Mental State Examination (MMSE; 
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Folstein et al., 1975) and the Center for Epidemiological Study Depression Scale (CES-D; 

Radloff, 1977), with cutoffs < 26 and ≥ 16, respectively (mean MMSE = 29.04 ± 0.86, range 

26–30; mean CESD = 4.19 ± 3.79, range 0–16). Participants were fluent English speakers, 

right-handed, had a minimum of high school education or equivalent (mean education = 

15.58 ± 2.49 years), and had normal or corrected-to-normal vision (at least 20/40); when 

necessary vision was corrected to normal using MRI compatible lenses during the scanning 

session. See Table 1 for breakdown of sample demographics by age group. Note, however, 

that age was sampled and analyzed as a continuous variable, unless specified otherwise. All 

participants provided written informed consent in accord with the University of Texas at 

Dallas and the University of Texas Southwestern Medical Center institutional review board 

guidelines.

2.2 Cognitive Measures

On two separate days, prior to the MRI session, participants underwent extensive cognitive 

testing spanning a number of cognitive domains (as in Rieck et al., 2017). Because our fMRI 

task was focused on the domain of working memory, in this study we focused on a similar 

out-of-scanner cognitive task: the Wechsler Adult Intelligence Scale - Digit Span subtest 

(WAIS-DS) (Wechsler, 2008). There are three sub-sections of the DS -- Forward, Backward, 

and Sequencing – that increment in difficulty and thus we use the more taxing span, 

Sequencing, for analysis in this study to best mirror the difficult nature of the n-back task 

implemented.

2.3 MRI Protocol

2.3.1. MRI Acquisition—Participants were scanned on a single 3T Philips Achieva 

scanner equipped with a 32-channel head coil. Blood Oxygenation Level Dependent 

(BOLD) data were collected using a T2*-weighted echo-planar imaging sequence with 29 

interleaved axial slices per volume providing full brain coverage and acquired parallel to the 

AC-PC line, (64 × 64 × 29 matrix, 3.4 × 3.4 × 5 mm3, FOV = 220 mm2, TE = 30 ms, TR = 

1.5 s, flip angle = 60°). High resolution anatomical images were also collected with a T1-

weighted MP-RAGE sequence with 160 sagittal slices, 1 × 1 × 1 mm3 voxel size; 256 × 204 

× 160 matrix, TR =8.3 ms, TE= 3.8 ms, flip angle = 12°.

2.3.2. fMRI Task Procedure—Using a block design, participants were presented with an 

n-back task using digits as stimuli. This working memory paradigm required participants to 

monitor the identity of a series of digits and indicate by button press whether the currently 

presented stimulus matched the one presented n trials previously. For each trial, participants 

made a SAME/DIFFERENT response with their index (same) or middle (different) finger to 

indicate whether the digit was the same or different as n digits ago. Before each block began, 

a 5 sec cue indicated which type of n-back was about to start: 0-back, 2-back, 3-back, or 4-

back, followed by 2 sec of fixation prior to the presentation of digits. For the 0-back trials, 

participants made a digit identification decision, indicating whether or not the digit on the 

screen was the one cued at the beginning of the block. Digits (“2–9”) were presented in six 

pseudo-counterbalanced blocks, for 500 ms with a 2000 ms interstimulus interval using 

Psychopy v1.77.02 (Peirce 2007; 2009). Each run of data consisted of 8 blocks, including 

two blocks of each level of difficulty. The blocks were counterbalanced for difficulty within 
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run. Of the 420 trials, 144 were match trials (18 for 0-back and 42 each for 2-,3-,4-back), 

and 276 were non-match trials (42 0-back and 78 each for 2-,3-,4-back). The 0-back blocks 

had 10 trials, while the 2-, 3-, and 4-back blocks each had 20 trials. The trials were presented 

in a pseudo-random order. There were three runs total, yielding a total functional scan time 

of about 20 minutes.

2.3.4. Task Pre-training Procedure—Participants were trained on the task just prior to 

entering the scanner to maximize their ability to understand task instructions and to 

complete the various levels of working memory load. First, trained researchers demonstrated 

the task, including a real-time on-screen run-through of each level of difficulty, as well as a 

schematic detailing when participants should respond “same” or “different”. After each 

demonstration participants completed a brief practice in which they used a duplicate of the 

scanner button box and were required to perform > 80% accuracy before advancing a level 

of difficulty. Once the participant completed all levels of difficulty s/he completed a second 

brief practice to emulate what they would experience in the scanner (cue presentation, 

timing, etc.). The participants had on average 7.13 (± 2.26; range 5–16) exposures during 

practice (minimum of 5 because 1-back was also practiced). Participants also completed a 

post-scan questionnaire providing information about their experience in the experiment.

2.4. fMRI Data Processing

Data preprocessing and statistical analyses were performed using SPM8 (Wellcome 

Department of Cognitive Neurology, London, UK) along with in-house Matlab R2012b 

(Mathworks) scripts. Additionally, Art Repair toolbox (Mazaika et al., 2007) was used to 

identify potential outliers in movement (>2 mm displacement) and intensity shift (>3% 

deviation from the mean in global intensity spikes) in the EPI images. Runs with >15% of 

total volumes (~40 volumes) marked as outliers for movement were excluded (excluded n = 

3). In order to be included in the analysis, participants were required to have at least two 

runs (out of three runs total) with quality data. Three additional participants were excluded 

for the following reasons: poor T1 acquisition (n = 2), no response on > 15% of trials (n = 

1). Functional images were adjusted for slice acquisition time and motion correction (using 

6 directions of motion-estimates from ArtRepair included as nuisance regressors), and each 

participant’s T1-weighted anatomical image was used to co-register the functional maps to 

standardized MNI space. The resulting normalized images were smoothed with an isotropic 

8mm FWHM Gaussian kernel.

2.4.1. fMRI Data Analysis—Subject-level and group-level analyses were performed using 

the general linear model in SPM8. At the individual subject level, contrasts for each level of 

difficulty were computed (0-, 2-, 3-, 4-back), as well as a linear contrast (using −2.25, −0.25, 

0.75, 1.75 weights). For the group-level analyses, age was used as a continuous between-

subjects second-level covariate whereas linear modulation was used as a within-subject first-

level covariate in a multiple regression model predicting BOLD activity. Two primary 

contrasts of interest were implemented. First, we examined parametric increases and 

decreases in activation to increasing WM load (positive modulation effect and negative 

modulation effect). Second, we examined the effect of age on modulation to difficulty (WM 

load) to identify regions that differed with age as difficulty increased (age-related positive 
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and negative modulation effects). In addition, we examined the quadratic effect of age on 

increases and decreases in activation to WM load. To ensure that Type I error rates were 

correctly controlled at the cluster level (Eklund et al., 2016), cluster corrections were 

calculated using the Statistical nonParametric Mapping toolbox (SnPM13; http://

warwick.ac.uk/snpm) with 5000 permutations to derive the corrected clusterwise threshold. 

Surface mapping of group effects was conducted using Caret (Van Essen et al., 2001). 

Marsbar toolbox in SPM8 (Brett et al. 2002), was used when extracting mean parameter 

estimates from clusters in the positive and negative modulation effects for each participant 

from their linear contrast of difficulty.

3. Results

3.1. Task Performance

Accuracy and response time (RT) were recorded for all trials. To examine performance 

differences across WM load levels and potential age effects, two repeated-measures general 

linear models (GLM) were tested with WM load serving as a 4-level within-subject repeated 

measure and age (mean centered) as a continuous between-subjects measure predicting 

either mean accuracy or median RT. For accuracy, we found significant effects of age (F 
[1,169] = 33.89, p < .001) and WM load (F [3,507] =373.65, p < .001), with accuracy 

declining as both age and WM load increased. A significant age × WM load interaction (F 
[3,507] = 12.05, p < .001) indicated that this effect became stronger with increasing age. 

Response time increased with increasing WM load (F [3,507] = 287.50, p <.001), as well as 

with age (F [1,169] = 10.60, p =.001), and there was a trend for age x WM load interaction 

(F [3,507] = 2.61, p =.051). Although we sampled and analyzed age as a continuous 

variable, for ease of illustration, Figure 1 provides an age group by WM load breakdown for 

accuracy and RT. Note that all trials were included (i.e., match and non-match).

3.2. Neuroimaging Results

3.2.1. Effect of Working Memory Load on BOLD Activation—We first sought to 

establish the brain regions that activate and deactivate in response to parametrically 

increasing WM load. The positive modulation effect (warm scale in Figure 2; coordinates in 

Table 2A) represents regions which increased in modulation with increasing WM load, 

including bilateral anterior cingulate gyrus, dorsolateral prefrontal cortex, middle frontal 

gyrus, superior precuneus, caudate, cerebellum and posterior parietal cortex, which 

corresponds well with the canonical cognitive control and working memory networks 

(Cabeza and Nyberg, 2000). The negative modulation effect (cool scale in Figure 2; 

coordinates in Table 2B) represents regions which increased in negative modulation (i.e., 

increased deactivation to difficulty) with increasing WM load and includes posterior 

cingulate gyrus, medial prefrontal cortex, superior temporal gyrus, and lateral occipital 

cortex; regions often associated with task-negative and default networks (Grecius et al., 

2003).

3.2.2. Effects of Age on Modulation of Activation to Parametric Increase in 
Working Memory Load—We next sought to examine the effect of age on positive and 

negative modulation during increasing WM load (i.e., age x WM load interactions). Results 
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indicate a significant weakening of both positive and negative modulation with increasing 

age. Positive modulation to WM load decreased across the lifespan in right middle frontal 

gyrus, bilateral superior and inferior parietal lobule, and left supplemental motor area (warm 

scale in Figure 3A; coordinates in Table 3A). Negative modulation to WM load decreased 

across the lifespan in left superior frontal gyrus, right insula, bilateral cingulate gyrus, 

fusiform gyrus, parahippocampal gyrus, and lateral occipital cortex (cool scale Figure 3A; 

coordinates in Table 3B). Scatterplots in Figure 3 illustrate the decreased dynamic range in 

both up- (panel B) and down-modulation (panel C) of activation to WM load across the 

lifespan. In addition to linear age effects, we tested for quadratic age effects during 

increasing WM load. No significant voxels showed a nonlinear effect. We also included 

covariates for intracranial volume and sex and the pattern of results was unchanged.

3.2.3. Decomposing the Age × WM Load Interactions—To gauge when in the 

lifespan failure to modulate begins, we decomposed these significant age x modulation 

interactions using simple slopes analyses (Preacher, Curran, and Bauer, 2006), with WM 

load as the focal predictor and age as the moderating variable of positive or negative 

modulation (see Figure 4). The significant interaction shows that age moderates the effect of 

WM load on BOLD such that the relationship between WM load and BOLD weakens with 

increasing age, however, the simple slopes analysis assesses at what specific age this 

relationship is no longer significant. This is achieved by testing at each point on our 

continuous age variable whether there is a significant slope between WM load and BOLD, 

providing bounding areas of significance, or points at which the relationship is or is not 

significant. Although positive modulation weakens linearly with age, the results of the 

simple slopes analysis further indicates that up-modulation to WM load remains significant 

until after age 99 (Figure 4A). In other words, the simple slope (of WM load on positive 

modulation) decreases across age, but remains significant throughout the age-range sampled 

in this study (20–94 years) with a predicted age of failure to up-modulate around age 99 

(dotted line). The results suggest that fronto-parietal up-modulation to increased WM load 

occurs successfully throughout the lifespan, but this ability significantly declines with 

increasing age.

For the age × negative modulation interaction, although modulation weakens linearly across 

the lifespan, simple slope analysis further indicates the simple slope of WM load on negative 

modulation becomes non-significant around the age of 71 (dotted line in Figure 4B), 

indicating that beyond this age, participants on average no longer successfully negatively 

modulate to increasing WM load (i.e., does not differ from zero). These analyses indicate 

that down-modulation to WM load fails much earlier in the lifespan than fronto-parietal up-

modulation, but that both capacities are retained until at least early old age.

3.3. Relationship between Positively-Modulated and Negatively-Modulated Regions

We were interested in determining whether the ability to positively and negatively modulate 

brain regions was significantly coupled. Partial correlations controlling for the effect of age 

were calculated between regions exhibiting positive modulation and regions exhibiting 

negative modulation. Results showed a significant relationship between regions of positive 

and negative modulation, prage = .32, p < .001, revealing a significant coupling of 
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modulation between these effects beyond the effects of age. The nature of this coupling is 

illustrated in Figure 5, such that individuals who increase up-modulation in frontal-parietal 

regions tend to also reduce down-modulation in deactivated regions. This suggests that 

increased frontal-parietal dynamic range in the service of increasing WM load may come at 

the expense of decreased dynamic range of deactivated regions.

3.4. Effects of Modulation to Difficulty on Cognitive Performance

We next sought to interpret these neuroimaging findings in the context of cognitive 

performance in order to determine if these age-related alterations to positive and negative 

modulation are beneficial or detrimental. Parameter estimates were analyzed first by cluster 

to ensure similar effects across regions of the brain. Because the effects were similar across 

clusters, we created a mask of all positive effect clusters and all negative effect clusters and 

extracted parameter estimates for analysis. Following are the results of positive and negative 

modulation effects on task accuracy during scanning and then results of positive and 

negative modulation results on a working memory task, given outside the scanner (WAIS-

DS).

3.4.1. N-back Task Accuracy—In a GLM, we tested for effects of modulation on mean 

task accuracy. Age, positive modulation, negative modulation (all continuous, centered 

variables) and their interactions were entered as predictors of mean task accuracy. We found 

a significant age × positive modulation interaction (F (1,163) = 9.02, p = 0.003) on accuracy, 

indicating that the relationship between modulation and accuracy differs by age. Figure 6A 

illustrates that the interaction is driven by significant association in middle-age and older, 

but not in younger adults. However, this effect may be due to lesser variance in accuracy in 

the young and could also be interpreted as the significant main effect of positive modulation 

(F (1,163) = 28.79, p < 0.001). We also found a significant effect of negative modulation (F 
(1,163) = 16.53, p < .001), indicating that greater negative modulation (greater deactivation 

to difficulty) was associated with higher accuracy, regardless of age (Figure 6B). No other 

interactions were significant including the effect of coupled modulation on accuracy. 

Notably, this model accounted for 37% of the variance in task accuracy. These findings 

indicate that both greater up-modulation of frontal-parietal regions to increasing difficulty 

and increasing modulation in regions of deactivation (greater deactivation) are in the service 

of more accurate performance, suggesting that greater dynamic range in general is 

associated with better performance.

3.4.2. Digit Span Sequencing Performance—We were next interested in examining 

whether modulation was predictive of cognitive performance on a WM task beyond the 

scanner environment. A GLM was specified identically to the previous model, but with DS 

sequencing score as the dependent variable. We found a significant effect of positive 

modulation on sequencing (F (1,163) = 10.63, p = .001) with greater positive modulation 

associated with higher sequencing span, see Figure 7. There was also a marginally 

significant trend for the age x negative modulation interaction (F (1,163) = 3.86, p = .051 on 

sequencing span. No other interactions neared significance. This model accounted for 21% 

of the variance in DS sequencing. These results indicate that greater up-modulation to 
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difficulty in fronto-parietal regions is associated with better WM measured outside of the 

scanner environment.

4. Discussion

The present study examined how the aging brain responds to incrementally increasing WM 

load during a parametric n-back task in a large, lifespan sample of adults. Across our 

sample, engagement in a difficult working memory task elicited activation in bilateral 

fronto-parietal regions, dorsal cingulate gyrus, precuneus, thalamus, midbrain, caudate and 

cerebellum (positive modulation effect), as well as deactivation (negative modulation effect) 

in regions such as bilateral posterior cingulate gyrus, medial prefrontal cortex, middle 

temporal gyrus, and occipital cortex. Increasing age was associated with reduced dynamic 

range in modulation to increased WM load in right MFG, bilateral superior and inferior 

parietal lobules, and left supplemental motor area (age-related positive modulation effect), as 

well as superior frontal gyrus, right insula, bilateral cingulate gyrus, fusiform gyri, 

parahippocampal gyri, and lateral occipital cortex (age-related negative modulation effect). 

Negative modulation was altered earlier in the lifespan than positive modulation. 

Interestingly, we found significant coupling of the up-modulated and down-modulated 

regions, where up-modulation increases were associated with decreased ability to down-

modulate deactivated regions. We also showed that greater dynamic range in modulation 

(both up-modulation and down-modulation) was associated with better performance during 

scanning, and up-modulation with better working memory span on the WAIS DS sequencing 

task, adding support to the literature that increased dynamic range is associated with better 

cognitive prowess (Rieck et al, 2017).

4.1 How does the brain respond to incrementally increasing WM load?

Across the whole sample, increasing working memory load evoked regions known to be a 

part of the cognitive control network (bilateral fronto-parietal regions, anterior cingulate 

gyri, and caudate; Cabeza and Nyberg, 2000; Owen et al., 2005), as well as those known to 

be part of the default mode or task negative network (bilateral medial prefrontal cortex, 

posterior cingulate gyrus, middle temporal gyrus, and lateral occipital cortex; Greicius et al., 

2003), and these increased parametrically with increasing load in accord with previous 

studies (Braver et al., 1997; Huang et al., 2016; Jansma et al., 2000; Jonides et al., 1997; 

Kaup et al., 2014; Manoach et al., 1997; Mattay et al., 2006; McKiernan et al., 2003; Nyberg 

et al., 2009; Rieck et al., 2017).

4.2 How does modulation to difficulty differ across the lifespan?

Both positive and negative modulation to difficulty decreased with age, such that older 

individuals were both up-modulating and down-modulating less than their younger 

counterparts. Decreases in both positive and negative modulation with age are consistent 

with previous work in our laboratory (Rieck et al., 2017). A number of other researchers 

have found reliable decreases in negative modulation with age (Park et al., 2010; Persson et 

al., 2007; Prakash et al., 2012 Turner and Spreng, 2015), and decreased DMN connectivity 

with age, which may result in decreased negative modulation (Andrews-Hanna et al., 2007; 

Damoiseaux et al., 2008). Reliable positive modulation decreases with age have also been 
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reported (Kaup et al., 2014; Mattay et al., 2006; Nyberg et al., 2009; Prakash et al., 2012; 

Rieck et al., 2017).

Both negative and positive modulation to difficulty depended upon age, but evidenced 

different age-trajectories. Negative modulation to difficulty was altered earlier in the lifespan 

than was positive modulation. Modulation in the deactivated regions did not begin to fail 

(i.e., did not differ from zero) until around 70 years of age, although there was a steady 

decrease in negative modulation across the lifespan. For positive modulation, in our age 

span, modulation never hit a failing point (differed from zero) and is not estimated to do so 

until age 99, although it did decline steadily across the lifespan. These findings provide a 

unique perspective on healthy aging and the ability of older adults to flexibly mobilize brain 

resources to meet increasing task demands. Most previous reports have not utilized a 

continuous lifespan age sample that included middle-aged and very old adults, and therefore 

were not able to explore this relationship. In comparison to two lifespan studies that 

examined the relationship of differential aging of positive and negative modulation, the 

current findings are in accord with Rieck et al., (2017), however the reverse was found in a 

study of subsequent memory effects (Park et al., 2013), where negative subsequent memory 

effects were seen later in the lifespan than positive subsequent memory effects.

4.4 Coupling of Negative and Positive Modulation

Positively modulated and negatively modulated regions showed a significant coupling. These 

findings are in accord with the idea that these two networks (portions of the cognitive 

control network and portions of the “default mode” network) do not function independently 

of each other, but rather the ability to modulate BOLD activity in one network is related to 

modulation in the other. The DECHA hypothesis (Turner & Spreng, 2015) further posits that 

this coupling of activation is altered in older adults, and perhaps as compensation for a 

declining fluid ability capacity with age. The current results partially support this 

hypothesis. The nature of the coupling and its association with task performance or cognitive 

ability is yet to be resolved as only a handful of studies have directly tested these issues to 

date (e.g., Ng et al., 2016; Rieck et al., 2017; Sambataro et al., 2010; Spreng et al., 2010; 

Spreng et al., 2014; Spreng et al., 2017). In the current study the coupled modulation was 

such that as modulation to difficulty in the positive modulation regions increased, there was 

lesser down-modulation of these deactivated regions. It seems that during the n-back task, 

up-modulating fronto-parietal regions to increasing WM load comes at a cost of further 

down-modulating deactivated “default-like” regions. This is in contrast to a recent finding in 

our lab (in the same participants) where we found that the significant coupling between up- 

and down-modulated regions stemmed from greater up-modulation associated with greater 

down-modulation during difficult distance judgments (Rieck et al., 2017). Notably, although 

both statistically significant relationships, the current n-back coupling association was 

stronger than coupling of modulation on the distance judgment task. However, coupled 

modulation significantly predicted performance in the distance judgment study, but in this n-

back study it did not. It could be that coupling in the direction we find currently is related to 

the more difficult nature of the n-back task. In fact, Turner and Spreng (2015) also reported 

significant positive coupling of functional connectivity between a prefrontal seed and default 

network regions only on the more difficult levels of a planning task in their older adult 
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group. Interestingly, in tasks that rely more heavily on internal mentation, such as evaluating 

famous faces or autobiographical memory, this association seems to be stronger (e.g., 

Spreng et al., 2014; Spreng et al., 2017). It may be the case that true WM tasks, compared to 

a distance judgment task, may rely more heavily on the cognitive control networks, requiring 

greater modulation of these regions, and this association may fluctuate over time to meet 

current needs (Dixon et al., 2017). A further difference between the two tasks is that, while 

both “default-like”, the regions of deactivation differ. Specifically, we here show greater 

hippocampal deactivation than we did in the Rieck et al., 2017 distance judgment task. This 

could stem from the strong working memory nature of this task compared to the distance 

judgment task. It could also reflect the differential connectivity of this region with other 

functional subsystems in the default mode network (Buckner et al., 2008), specifically the 

hippocampal formation connects to the dorsomedial and to the ventromedial PFC, regions 

we also robustly find deactivate in the Rieck et al., 2017 task.

4.5 What are the cognitive consequences of reduced modulation to difficulty?

A second goal of this study was to determine the nature of decreased dynamic range to task 

difficulty, i.e., whether it was detrimental, beneficial, or irrelevant to performance. Increased 

up-modulation of fronto-parietal regions was associated with more accurate performance on 

the n-back task, as was greater down-modulation of deactivated regions. These findings lend 

compelling support to the idea that maintaining greater dynamic range (in either direction) 

of BOLD activation is in the service of better task performance and this ability may be a 

salient marker of healthy cognitive aging. Indeed, individuals who showed greater positive 

modulation performed better on the WAIS digit span sequencing task, an increasingly 

difficult working memory span task. With some possible caveats, these findings appeared to 

be true for everyone, suggesting that these are important individual difference factors, rather 

than aging effects per se. However, longitudinal follow-up is required to fully test this 

notion. Given our wide age range sample, though this provides a unique perspective (cross-

sectionally) on the relationship between age, BOLD modulation, and cognitive performance. 

This is strengthened by the fact that not only does modulation relate to in-the-moment 

cognitive performance, it also generalizes to the same cognitive domain measured outside 

the scanning environment, adding to the robustness of this association.

Previous research examining the relationship between modulation (positive and/or negative) 

and task performance evidenced mixed results and are difficult to interpret given the 

comparisons made between extreme age groups. Studies found a facilitative relationship 

between positive modulation and performance for younger adults (Jansma et al., 2000; 

Leung et al., 2007); only for older adults (Sala-Llonch et al., 2012; Saliasi et al., 2014); for 

both younger and older adults (Kaup et al., 2014; Nagel et al., 2011); and a differential 

relationship such that positive modulation predicted accuracy for younger adults, but 

negative modulation was predictive for older adults (Prakash et al., 2012); or was not 

associated at all (Cappell et al., 2010). Similarly, mixed associations exist for negative 

modulation: predictive of behavior in young (Huang et al., 2016); both younger and older 

adults (Sambataro et al., 2010); related to performance strongly only in older adults (Rieck 

et al., 2017). Kaup and colleagues (2014), also utilized a continuous age range, and found 

that both positive and negative modulation was predictive of task performance and this 
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relationship was not age-dependent. The combination of several differences in study design 

and sample selection may explain the discrepancies across studies. For example, our sample 

is the largest (N =171) of the published n-back studies (mean N = 35.18) and might have 

afforded the power to detect these BOLD-performance associations; our sample was 

screened to be very healthy, and thus, eliminating noise introduced by comorbid aging 

conditions may have also allowed us to detect these effects. Further, a wide age-range 

lifespan sample (20–94) that does not omit the middle-age and very old adults likely allowed 

us more specificity in our models and allowed for use of age slopes (from multiple 

regression) rather than somewhat arbitrary extreme age cutoff group differences (from group 

contrasts). Indeed, our age range was the widest of the studies reviewed. We also included a 

wider range of WM load conditions, increasing to 4-back, which is different from most 

published studies (most range from 0- to 3-back). Lastly, our pretraining procedure likely 

helped to stabilize performance and perhaps BOLD response during scanning, and this is not 

a procedure that all published studies have implemented.

Further, we found no previous reports of greater positive modulation to difficulty during a 

WM task being associated with better cognitive performance outside of the scanner. In 

children, greater negative modulation to difficulty during a spatial working memory task was 

significantly associated with better task performance, while positive modulation to difficulty 

was more weakly associated (Huang et al., 2016) and in the youngest children, negative 

modulation to difficulty was predictive of executive function measured outside of the 

scanner. Rieck and colleagues (2017) found that coupling of positive and negative 

modulation predicted better fluid reasoning ability outside of the scanner, such that 

individuals, regardless of age, who could better modulate these two systems, performed 

better on the task. Extending the association of greater up-modulation to cognitive 

performance beyond the scanner environment lends strong evidence to the idea that greater 

dynamic range of modulatory capacity is a salient predictor of cognitive health.

4.6 Conclusions

In sum, by utilizing the entire parametric range of conditions in an n-back design and by 

sampling a wide age-range of individuals in a large sample, we were able to demonstrate 

reliable associations among aging, BOLD modulation to difficulty, and the relationships 

with not only task accuracy, but also out-of-scanner cognition. These findings, taken 

together suggest that although both positive and negative modulation decrease across the 

adult lifespan, maintenance of this increased dynamic range is beneficial to both task 

performance and working memory beyond the scanner environment. Therefore, this study 

lends further support to growing evidence that greater dynamic range in BOLD modulation 

is a proxy for the ability to flexibly employ neural resources in response to cognitive demand 

and may be a salient marker of cognitive ability more broadly (Cappell et al., 2010; Grady et 

al., 2006; Kaup et al., 2014; Kennedy et al., 2015; Mattay et al., 2006; Nagel et al, 2009; 

2011; Park et al., 2010; Persson et al., 2007; Sambataro et al., 2010; Schnieder-Garces et al., 

2010; Rieck et al., 2017; Turner and Spreng, 2015).
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Highlights

• Dynamic range of modulation of activation to cognitive difficulty declines 

with age

• Frontal-parietal up-modulation declines later than down-modulation of 

deactivation

• Modulation is coupled: as up-modulation increases, down-modulation 

decreases

• Greater up- and down-modulation associated with better cognitive 

performance

• Dynamic range of BOLD modulation has utility as a salient marker of 

cognitive aging
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Figure 1. 
fMRI Task Performance by Working Memory Load Level and Age. The left panel illustrates 

accuracy and the right panel illustrates median response time (in seconds) for each WM load 

condition broken down by age group (for illustration purposes).
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Figure 2. 
Positive Modulation and Negative Modulation Effects of Increasing WM load. Parametric 

WM load increase from 0- to 4-back was associated with both increased modulation of 

activation (positive modulation effect in warm color scale), and decreased modulation of 

activation (negative modulation effect in cool color scale). Positive modulation occurred 

bilaterally in dorsal cingulate gyrus, dorsolateral prefrontal cortex (middle and inferior 

frontal gyri) and posterior parietal cortex, superior precuneus, thalamus, midbrain, caudate, 

and cerebellum. Negative modulation occurred in bilateral posterior cingulate gyrus, 

bilateral medial prefrontal cortex, bilateral superior temporal gyrus, and bilateral lateral 

occipital regions. Color-scale indicates t-values. Abbreviations: L – Left, R – Right.
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Figure 3. 
Effects of aging on positive and negative modulation of activation to difficulty. Increasing 

age was associated with decreased modulation to difficulty in both regions of positive 

modulation (warm colors in panel A) and regions of negative modulation (cool colors in 

panel A). The regions of age-reduced modulation included the rMFG, bilateral superior and 

inferior parietal, and left supplemental motor area in warm colors, and the superior frontal 

gyrus, right insula, bilateral cingulate, bilateral fusiform, bilateral parahippocampal gyrus, 

and lateral occipital regions in cool colors. Panel B scatterplot illustrates the weakened 

positive modulation effect to difficulty with increasing age, averaged across all warm 

clusters. Panel C illustrates weakened negative modulation effect (decreased deactivation) 

with increasing age, averaged across all cool clusters. Color bar indicates t-values. 

Abbreviations: L – Left; R – Right.
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Figure 4. 
Positive and Negative Modulation to Difficulty Decrease Differentially across the Lifespan. 

Simple slopes analysis was used to decompose the significant age x positive modulation and 

age x negative modulation interactions. A) Aging of positive modulation to difficulty 

declines linearly with age, and simple slope remains significantly different from zero until 

around age 99 (dotted line) at which point there would be a failure to modulate (i.e., no 

difference in BOLD response across difficulty conditions). B) Negative modulation declines 

with age (decreased deactivation to difficulty) and failure to modulate begins around age 71 

(dotted line).
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Figure 5. 
Coupling of Positive and Negative Modulation to Difficulty. A significant relationship 

between BOLD modulation to difficulty was found between regions of positive and negative 

modulation, beyond the effect of age. Greater positive modulation was associated with 

decreased negative modulation, suggesting that up-modulating frontal-parietal regions to 

difficulty comes at the expense of further down-modulating deactivated regions. Modulation 

values reflect the slope of BOLD activation across the increasing difficulty levels and are 

residualized for age.
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Figure 6. 
Greater dynamic range of modulation of activation to difficulty predicts higher n-back 

accuracy. A. Increased frontal-parietal positive modulation to difficulty is associated with 

increased task accuracy for adults middle-aged and older. B. Greater negative modulation 

(increase in deactivated regions) to difficulty was also associated with better task accuracy. 

Modulation values reflect the slope of BOLD activation across the increasing difficulty 

levels. Accuracy values represent proportion correct across all n-back conditions.
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Figure 7. 
Greater positive modulation to increased working memory load in frontal-parietal regions is 

associated with better working memory performance beyond the scanner task. Modulation 

values reflect the slope of BOLD activation across the increasing difficulty levels and the y-

axis is number correct.
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Table 1

Participant Demographics by Age Group

Age N (M/F) Edu (SD) MMSE (SD) CESD (SD)

Younger (20–35) 42 (18/24) 15.62 (2.17) 29.19 (0.94) 4.48 (3.62)

Middle (36–55) 47 (21/26) 15.28 (2.52) 29.26 (0.87) 4.98 (4.48)

Older (56–69) 38 (16/22) 15.84 (2.34) 28.89 (0.76) 3.40 (2.93)

Oldest (70–94) 44 (16/28) 15.73 (2.82) 28.77 (0.83) 3.77 (3.73)

Total 171 (71/100) 15.60 (2.47) 29.04 (0.87) 4.19 (3.79)

Note. Abbreviations: M = male, F = female; Edu = years of education; SD = standard deviation; MMSE = Mini Mental Status Examination; CESD 
= Center for Epidemiological Study – Depression scale.
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