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Abstract
Little is known about the contribution of white matter integrity to inhibitory cognitive control, particularly in healthy aging. The
present study examines the correspondence between white matter fiber bundle length and behavioral inhibition in 37 community-
dwelling older adults (aged 51–78 years). Participants underwent neuroimaging with 3 Tesla MRI, and completed a behavioral
test of inhibition (i.e., Go/NoGo task). Quantitative tractography derived from diffusion tensor imaging (qtDTI) was used to
measure white matter fiber bundle lengths (FBLs) in tracts known to innervate frontal brain regions, including the anterior corpus
callosum (AntCC), the cingulate gyrus segment of the cingulum bundle (CING), uncinate fasciculus (UNC), and the superior
longitudinal fasciculus (SLF). Performance on the Go/NoGo task was measured by the number of commission errors standard-
ized to reaction time. Hierarchical regression models revealed that shorter FBLs in the CING (p < 0.05) and the bilateral UNC
(p < 0.01) were associated with lower inhibitory performance after adjusting for multiple comparisons, supporting a disconnec-
tion model of response inhibition in older adults. Prospective longitudinal studies are needed to examine the evolution of
inhibitory errors in older adult populations and potential for therapeutic intervention.
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Introduction

White matter (WM) integrity has been shown to be associated
with reduced cognitive function in older adults (Madden et al.
2009; Madden et al. 2012). In particular, executive functions

that require fast reaction time, such as behavioral inhibition,
are vulnerable to age-related compromise (Jacobs et al. 2013;
Lee et al. 2012; Lu et al. 2013). Behavioral inhibition refers to
the ability to withhold an automatic response, or to resist en-
ticing behaviors (Casey et al. 1997; Menon et al. 2001; Hirose
et al. 2012; Dambacher et al. 2014). This higher-order skill in
executive function depends on efficient transmission of infor-
mation across the brain, with predominate involvement of
frontal-cortical regions, including the fronto-parietal, fronto–
temporal, and frontal-subcortical networks (Rubia et al. 2001;
Zhang and Li 2012; Hong et al. 2016; Steele et al. 2013; van
Gaal et al. 2010; Angelini et al. 2015; Garavan et al. 1999).

Studies using MRI diffusion tensor imaging (DTI) reveal that
the microstructural integrity of the superior longitudinal fascicu-
lus, uncinate fasciculus (UNC), cingulate gyrus segment of the
cingulum, and tracts connecting the inferior frontal gyrus with
the subcortical structures, are key anatomical substrates of inhib-
itory control (Rizk et al. 2017; Sasson et al. 2013; Hinton et al.
2018). Compared to functional neuroimaging measures, indices
of structural connectivity (e.g., white matter fractional anisotro-
py; FA) account for age-related variance in inhibitory perfor-
mance (Fjell, Sneve, Gryndeland, Storsve and Walhovd 2016).
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In previous studies, we described the sensitivity of quantita-
tive diffusion tensor imaging (qDTI) in which we used DTI-
based tractography to measure fiber bundle lengths (FBLs) in
older individuals (Baker et al. 2014). In this approach, each
streamline obtained by tractography is taken to represent a statis-
tical summary of a local bundle of parallel-packed neuronal fi-
bers, from which, the overall arc-length of the trajectory of each
fiber bundle is measured (Correia et al. 2008). Additionally, the
microstructural properties of the fiber bundles are assessed by
measuring the DTI metrics along the entire length of each fiber
bundle. This approach combines tractography and DTI scalar
metrics to characterize the structural properties of fiber bundles
that make up a WM tract. DTI metrics such as FA and mean
diffusivity (MD) are usually averaged at the voxel or regional
level and single tensor models only measure the directionality of
tracts along a primary eigenvector, which lacks information rel-
evant to the organization and microstructure of white matter
tracts. In contrast, FBLs are derived from scalar DTI metrics,
such as FA, in combination with tractography methods to trace
white matter fibers (Correia et al. 2008). Such an approach can
detect properties that may be undetected by traditional regional
measures of scalar DTI metrics (Correia et al. 2008; Hasan et al.
2009), and reveal additional alterations in white matter integrity
that correspond to cognitive decline (Behrman-Lay et al. 2014;
Salminen et al. 2016.

Using this approach, older individuals without clinically
evident neurodegeneration exhibit reduced FBLs compared
to younger adults (Baker et al. 2014; Bolzenius et al. 2013).
Moreover, the age-associated shortening of FBL corresponds
to worse performance in domains of cognition that are vulner-
able to age (Behrman-Lay et al. 2014; Salminen et al. 2013;
Salminen et al. 2016; Baker et al. 2017). In particular, we
found a relation between shorter FBLs and reduced processing
speed (Behrman-Lay et al. 2014; Salminen et al. 2016). To
date, no study has utilized the innovative imaging metric of
FBL to examine the white matter signature of inhibitory cog-
nitive performance in older adults.

Postmortem studies report reduced length of frontal axonal
bundles are reduced in older individuals (Marner et al. 2003;
Tang et al. 1997), suggesting that alterations in the structural
connectome of the brain may underlie an age-related a decline
in cognitive performance (Behrman-Lay et al. 2014). The present
study examined FBLs in four tracts of interest (TOIs) that project
to the frontal cortex and have been independently associatedwith
inhibitory control. For example, prior studies using commonDTI
scalar metrics reveal associations between worse inhibitory per-
formance and lower FA in the anterior corpus callosum (AntCC)
and the uncinate fasciculus (UF) (Salo et al. 2009; Hornberger
et al. 2011). Higher diffusivity in the cingulate gyrus segment of
the cingulum bundle (CING) and the superior longitudinal fas-
ciculus (SLF) also correspond to worse performance on the Go/
NoGo task (Colrain et al. 2011; Sasso et al. 2013). Based on our
above prior studies of FBL, aging, and cognition, we

hypothesized that longer FBLs would correspond with better
inhibitory performance.

Methods

Participants

A total of 37 healthy older adults between the ages of 51–
78 years were included in the study (males n = 9, females
n = 28). Participants were all English-speaking individuals
and predominantly White/Caucasian (n = 26, Black/African
American n = 8, and other n = 3), with an average education
level of 16 years. Exclusion criteria included: 1) a score of <24
on the Mini-Mental State Examination (MMSE; Folstein et al.
1975), 2) evidence of neurologic disease, 3) past head injury
with loss of consciousness >5 min, 4) severe medical illnesses
(e.g., cancer, treatment-dependent diabetes), 4) any Axis I
and/or Axis II psychiatric disorders with the exception of
treated depression, 5) past or present substance use disorder,
6) any hearing, vision, or motor impairment that precluded
cognitive testing, and 7) contraindications for MRI. All par-
ticipants completed neuropsychological testing within one
month of the neuroimaging protocol. The average time be-
tween the neuroimaging and neuropsychological evaluations
was 23 days. The recruiting methods and total population
from which the sample was derived are described in (Paul
et al. 2011). Written informed consent was obtained prior to
study participation. Participants received financial compensa-
tion for their involvement. The Institutional Review Board at
the corresponding universities approved the study.

Go/NoGo task

A computerized Go/NoGo task was administered in a sound-
controlled room. The task required participants to respond
repeatedly to target stimuli (Go), and inhibit the prepotent
response when non-target stimuli (NoGo) appeared (Beck
et al. 1956). The word BPRESS^ was displayed on the screen
for 500 ms, with a one second inter-stimulus interval.
Participants were instructed to press a button with their index
finger as quickly as possible when BPRESS^ was presented in
green font (Go), and to not respond when the word was pre-
sented in red font (NoGo). Speed and accuracy of response
was equally stressed in the task instructions (Gordon et al.
2005; Paul et al. 2005). Six trials of 28 stimulus presentations
were presented in pseudo-random order, for a total of 168
trials. The ratio of Go to NoGo trials was 75:25. Prior to the
task, participants completed a brief practice session. Reaction
time was recorded continuously for the duration of the task
(6 min), but not on a trial-by-trial basis.

To minimize conflation between commission errors and
response speed (Bruyer and Brysbaert 2011; Jones et al.
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2016; Bezdjian et al. 2009; Menon et al. 2001; Steele et al.
2013), a composite score of task accuracy and response laten-
cy was calculated using the rate residual scoring method
(Hirose et al. 2012; Hughes, Linck, Bowles, Koeth and
Bunting 2014; Was and Woltz 2007; Woltz and Was 2006).
Briefly, a regression line was fit between the average reaction
time and the number of false positive errors for all subjects,
dividing participants with faster reaction times and fewer er-
rors (below the line = negative scores) from participants with a
longer reaction time and/or more errors (above the line = pos-
itive scores). The regression line between reaction time and
the NoGo errors was used to calculate the inhibitory perfor-
mance score. The distribution of performances (depicted by
dots) represents the distance to the line (Fig. 1).

MRI data acquisition

All participants were scanned at a single site using a head-only
Magnetom Allegra 3 T MRI (Siemens Medical Solutions,
Erlangen, Germany) with a standard imaging protocol that
included a diffusion-weighted MRI sequence. Head position-
ing was confirmed by a preliminary scout scan composed of
three orthogonal planes collected from each individual at the
beginning of the scanning procedure. Movement artefact was
limited by application of surgical tape across the forehead to
enhance stability. High-performance gradients (maximum
strength 40 mT/m in a 100-ms rise time; maximum slew rate
400 T/m/s) were utilized to minimize scan times (< 1 h). FSL

BET was used to extract whole brain masks for each subject,
and intracranial volume (ICV) was computed from the total
volume inside the mask (Jenkinson et al. 2012).

Diffusion-weighted imaging acquisition

A customized in-house single-shot multislice echo-planar
pulse sequence was utilized to acquire the axial diffusion-
weighted images. The tensor was encoded using 31 non-
collinear directions were utilized, with 24 main directions
aligned with the applied diffusion gradient (b = 996 s/mm2).
A Bcore^ of tetrahedral directions (Conturo et al. 1996) was
used to maximize the signal-to-noise rate (SNR) efficiency
and directional coverage, with 5 baseline I0 acquisitions (b ≈
0). The following parameters were used: TE = 86.2 ms; TR =
7.82 s; 64 contiguous 2.0-mm slices; and an acquisition matrix
of 128 X 128 with a field of view of 256 X 256 mm (isotropic
2.0 X 2.0 X 2.0 mm voxels). Signal was averaged from 72
acquisitions. Further scan acquisition details are described in
our prior studies (Baker et al. 2016; Behrman-Lay et al. 2014;
Bolzenius et al. 2013; Salminen et al. 2016).

Quantitative diffusion tractography (qtDTI)

Diffusion-weighted volumes were preprocessed using FSL 5.0
(Jenkinson et al. 2012) and the Quantitative Imaging Toolkit
(QIT) (Cabeen et al. 2018). The images were corrected for mo-
tion and eddy-current induced artifacts through affine

Mean reaction time in Go/NoGo (ms)
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Fig. 1 Regression of overall reaction time and commission errors
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registration to the first baseline volume using FSL FLIRT
(Jenkinson and Smith 2001) with the mutual information
criteria. The orientations of the gradient encoding directions
were corrected by the rotation induced by these registrations
(Leemans and Jones 2009), and brain tissue was extracted using
FSL BET (Smith 2002) with a fraction threshold of 0.45.
Diffusion tensor images were estimated for each subject using
FSL DTIFITand a study-specific white matter atlas was created
using DTI-TK (Zhang et al. 2007). The template image was
computed by iteratively deforming and averaging the sample
imaging data using the tensor-based deformable registration al-
gorithm in DTI-TK (Zhang et al. 2006) with finite strain tensor
reorientation and the deviatoric tensor similarity metric. This
template was used to define the AntCC, bilateral CING, bilateral
UF, and bilateral SLF (Mori and van Zijl 2002).

Specificity of fiber extraction is difficult without
tractography maps, due the heterogeneity and convoluted
nature of WM bundles. Therefore, we used a template-
based approach to extract subject-specific fiber bundle
models; specifically, whole brain tractography was per-
formed in the subject native space, and subsets of curves
were selected using template masks to select each bundle-
of-interest (Zhang et al. 2010). For each bundle-of-interest,
two inclusion region of interests (ROIs) and one exclusion
ROI were drawn in template space using ITK-SNAP
(Yushkevich et al. 2006). These masks were placed at op-
posite ends of each bundle, and then drawn in reference to
standard white matter atlases (Catani and de Schotten
2012). Tractography was performed in subject native space
using deterministic streamline integration using QIT
(Zhang et al. 2003) with a step size of 1 mm, tricubic inter-
polation, and four jittered seeds per voxel. Termination

criteria included an angle threshold of 45 degrees and min-
imum FA of 0.15. Fiber curves with lengths less than
10 mm were excluded from the analysis. FBLs were com-
puted from the resulting curves (Correia et al. 2008).
Corrections for head size were made by dividing FLB mea-
sures by the ratio of participants’ ICV to the sample average
ICV (Correia et al. 2008). Representation of TOIs is shown
in Fig. 2.

Statistical analyses

Statistical analyses were conducted in SPSS 25 (IBM Corp
2017). The Shapiro-Wilk Tests of normality were performed,
and skewness and kurtosis scores were evaluated to assess for
normal distribution of the data. Group differences in age and
education between Bgood^ and Bpoor^ performers were ex-
amined using independent-samples t-tests; Chi-square tests
examined differences in sex and ethnicity. Preliminary analy-
ses revealed skewed distributions for age, reaction time, omis-
sion errors, inhibitory errors, AntCC, SLF and CING, there-
fore, the p value was calculated based on 1000 bootstraps to
correct for potential deviation from the Gaussian distribution
(Pavlov et al. 2010; Haukoos and Lewis 2005). The Shapiro-
Wilk test (p = 0.53) revealed that the distribution of inhibitory
performance scores was similar to a Gaussian distribution; the
SD of the distribution of the inhibitory performance score was
0.97 (Fig. 3). The purpose of correlations analysis was to
establish whether age and education should be included in
the regression model, correlations were conducted to examine
associations with TOIs.

Inspection of diagnostic plots (Q–Q plots and residual
plots) and diagnostic statistical values (Cook’s distance

a b

c d

Fig. 2 Reconstruction of white
matter tracts of interest using
qtDTI in coronal plane view: a)
Anterior corpus callosum
(AntCC). b) Uncinate fasciculus.
c) Cingulum bundle. In sagittal
plane view: d) Superior
longitudinal fasciculus
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<1, variance inflation factor < 4) revealed no violations
of the statistical assumptions. As such, hierarchical re-
gression analysis was used to determine the association
between the composite score of inhibitory performance
on the Go/NoGo task with each TOI. To address whether
specific TOIs were associated significantly with Go/
NoGo performance after adjusting for age, we conducted
structured hierarchical regression models for each TOI,
with age in the first block, and inhibitory performance
entered in the second block. The data are presented as
mean ± standard deviation (SD) or median and interquar-
tile range (IQR) for non-normal distributed variables.
Bootstrapped significance was set as p < 0.05. The
False Discovery Rate (FDR) procedure was used to cor-
rect for multiple comparisons (Benjamini and Hochberg
1995).

Results

Demographic characteristics of the sample are reported in
Table 1. Results of the correlations showed a relationship be-
tween inhibitory performance and FBL in the CING and the
UNC (Table 2). However, no association between age and
TOIs, and education and TOIs emerged. Results of the hierar-
chical structured regression revealed that inhibitory perfor-
mance was significantly associated with FBLs in the CING
(Adjusted R2 = 0.124; p = 0.021) and the UNC (Adjusted
R2 = 0.247; p = 0.006) after FDR corrections, but not with
the AntCC (Adjusted R2 = 0.103; p = 0.114) and SLF
(Adjusted R2 = 0.145; p = 0.083) (Table 3).

Fiber bundle lengths corrected for head size, SD: standard
deviation, IQR: interquartile range, MMSE: Mini–Mental
State Examination.

Fig. 3 Distribution of regression
standardized values as efficiency
index scores

Table 1 Demographic
information, cognition and mean
fiber bundle length (mm) in the
sample (N = 37)

Variable Mean/
Median

SD/
IQR

Minimum Maximum

Demographics

Age 59.00 12.50 51 78

Education 15.81 2.38 12 20

Cognition

MMSE 28.84 1.67 26 30

Go/NoGo Reaction Time (ms) 367.00 76.50 285 518

Commission (NoGo) Errors 2.00 2 0 4

Omission (Go) Errors 1 2.5 0 24

Fiber bundle lengths

Anterior corpus callosum 99.79 15.33 70.87 154.34

Cingulum 86.05 17.31 61.21 125.70

Uncinate Fasciculus 66.55 12.89 39.14 95.69

Superior longitudinal fasciculus 68.37 11.13 53.21 98.97
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Discussion

This is the first study using qtDTI to investigate the white mat-
ter substrate of inhibition in healthy older adults. Our results
show that shorter FBL of the UNC tract and the CING correlate
with lower inhibitory performance, when accounting for speed-
accuracy trade-offs. These results provide empirical support for
a disconnection model of inhibition in a healthy aging popula-
tion (Greenwood 2000; O’Sullivan et al. 2001; Charlton et al.
2006; Madden et al. 2017; Fjell et al. 2017; Salat et al. 2005).

The association between inhibition and the UNC in the
present study is noteworthy. The UNC connects the frontal
lobe (primarily the orbitofrontal cortex) to the anterior tempo-
ral lobe, including the amygdala and hippocampus (Kier et al.
2004). In healthy adults, lower performance on the Go/NoGo
and Stroop tests are significantly associated with decreased
WM microstructural integrity of the UNC (Sasson et al.
2013). These results provide empirical support for a discon-
nection model of inhibition in a healthy aging population
(Greenwood 2000; O’Sullivan et al. 2001; Charlton et al.
2006; Madden et al. 2017; Fjell et al. 2017; Salat et al.
2005). The disconnection theory of aging proposes that age-
related cognitive decline results predominately from
degenerated connections between cortical regions rather than
focal degeneration within a cortical region. Between the ages
of 20 through 80, myelinated fibers are shortened by 50%
(Marner et al. 2003). It is estimated that these fibers shorten
at a rate of 10% per decade (Tang et al. 1997). Shortened axon
bundles are believed to underlie mechanisms of age-related
cognitive decline (Catani 2006).

The observation that FBL in the CING corresponds to in-
hibition is consistent with prior studies in healthy participants
(Rizk et al. 2017; Metzler-Baddeley et al. 2012), as well as
clinical populations (Murphy et al. 2007, Kubicki et al. 2009,
Hornberger et al. 2011). Anatomically, the CING is connected
to frontal, parietal, and medial temporal sites, as well as sub-
cortical nuclei (Schmahmann and Pandya 2006), all of which
are essential for executive control (self-monitoring and
evaluation of performance) and processing speed (Yang
et al. 2016; Sasson et al. 2013).

Axonal degeneration among generally healthy older adults
is likely associated with demyelination secondary to

Table 2 Correlations of mean fiber bundle length, demographics, and
efficiency score index

Variables AntCC
r

CING
r

UF
r

SLF
r

Age −0.167 −0.091 0.057 −0.131
Education −0.013 −0.073 −0.244 −0.026
Inhibitory performance score −0.286 −0.411* −0.497** −0.366

*p < 0.05, ** p = < 0.01
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inflammation and oxidative stress (Pan and Chan 2017). As
reflected in studies with healthy older adults, decreased FA
and increased MD are common findings in studies of older
brains (Inano et al. 2011; Bennett et al. 2011; Westlye et al.
2009; Sexton et al. 2014; Bender et al. 2016; Charlton et al.
2010). These age effects are probably driven by changes in
underlying myelin, as suggested by consistently shown age-
related increases in radial diffusivity, whereas axial diffusivity
changes less consistently observed (Sullivan et al. 2010; Zahr
et al. 2009; Davis et al. 2009; Phillips et al. 2013; Inano et al.
2011). More studies using advanced microstructural modeling
techniques, such as Neurite Orientation Dispersion and
Density Imaging (Zhang et al. 2012) are needed to address
this question.

Although there is increasing interest in qtDTI, we ac-
knowledge there are some limitations related to this tech-
nique. We used affine registration, which may have re-
sulted in missed fibers or the inclusion of extra fibers
that terminate at regions distant from the WM-gray mat-
ter boundary. Complex WM configurations are not well
characterized by single-tensor modeling, and multi-
compartment diffusion may offer more anatomically ac-
curate results (Cabeen et al. 2016). Similarly, the ana-
tomical precision of FBLs could be enhanced by high
angular resolution diffusion. The age of the sample was
fairly young and the range was limited, which may have
accounted for the absence of a clear age effect.
Furthermore, our sample was relatively small and may
not be representative of the population. Longitudinal
studies utilizing multiple measures of inhibitory control
in a larger sample of older individuals are needed to the
generalizability of the results in other elderly cohorts.

Conclusion

The present study revealed that WM integrity of the UNC and
left CING correspond to behavioral inhibition among healthy
older adults. The results support a disconnection model of
cognitive aging. Additional studies using a prospective design
are needed to define the development of inhibitory perfor-
mance errors in older adults and determine the real-world
relevance of such errors in everyday living skills.
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