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special issue on imaging the nonpathological aging brain
Aging is a ubiquitous phenomenon that, for the general population,
ultimately results in some degree of subjectively noticeable functional
decline. This reduction in everyday capabilities can be an annoyance at
best, but it is also common that this weakening in function is a contrib-
uting factor to reduced quality of life. Compounded by concerns of
abnormal neurodegenerative processes such as Alzheimer’s disease,
older adults can experience significant distress, even when they are
performing optimally for their age. It is therefore critical to define
mechanisms that contribute to variation in function among older adults
and particularly to describe this range within individuals considered to
be cognitively healthy and without obvious signs of abnormal conditions
such as neurodegenerative disease.

Neuroimaging has provided critical insights into changes that occur
in the brain with typical aging. Age-associated alterations in brain
function have been described since the 1940s via electroencephalog-
raphy (EEG) and novel insights into the consequences of brain aging
continue to this date. Recently, studies of brain aging have often been the
first tests of novel brain imaging procedures, in part due to the fact that
the investigators have general access to older adults without the absolute
need for a physician referral and the fact that often significant alterations
in brain structure and function can be expected when compared to a
younger cohort. The older population therefore provides a critical test-
bed to assess the performance of new procedures outside of the popula-
tion for which the procedures were developed. This accessibility how-
ever, has also resulted in effects reported in less well characterized
populations that potentially include individuals suffering from a range of
abnormal medical conditions-a potential confound to data interpretation
even in research on well characterized cohorts.

In this Special Issue of Neuroimage, we aimed to curate a range of
studies applying advanced neuroimaging procedures to the study of
‘nonpathological’ brain aging. The simple definition of nonpathological
in this context was that we intended to exclude studies with an obvious
focus on the manifestations of abnormal neurodegenerative processes. Of
course, one of the major conclusions from decades of brain imaging older
adults is that there is a very unclear line between what can be considered
‘pathological’, ranging from obvious cognitive and behavioral impair-
ment such as dementia, to less clear cognitive risk states such as mild
cognitive impairment, or alternatively genetic and/or imaging indicators
of preclinical risk, such as beta-amyloid deposition. Here we primarily
omitted manuscripts that focused on a diagnosed patient population or
focused on groups with defined abnormal performance. We aimed in the
spirit of pioneering neuroimaging studies to include studies applying
cutting-edge techniques and procedures and the Special Issue includes
contributions describing structural, functional, and stimulation
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techniques from several corners of the neuroimaging world spanning
multiple substantive areas of study, as evidenced by the word cloud in
Fig. 1.
1. Overview of the special issue

In the following, we provide a brief overview of the topics covered in
this Special Issue with a particular focus on trending neuroimaging
techniques and issues important to the study of aging. As a measure of the
zeitgeist of the study of the aging brain, one can explore the popularity of
various neuroimaging techniques being employed, with this special issue
as a small proxy for the current field. In that vein, these collected 26
articles utilize neuroimaging techniques spanning brain structure (mo-
lecular, microstructural, and macrostructural), brain function, and brain
stimulation. Techniques to measure aspects of brain function include
functional magnetic resonance imaging (fMRI) BOLD methods including
both task-evoked (Berghuis et al., 2019; Fernandez et al., 2019; Keller
et al., 2019; Kennedy et al., 2018; West et al., 2019; n¼ 7) and resting
state (Abdellande-Perez et al., 2019; Cassady et al., 2019; Fountain--
Zaragoza et al., 2019; Kumral et al., 2019; Li et al., 2019; li et al., 2019;
Salami et al., 2018; Viviano et al., 2019; Zonneveld et al., 2019; n¼ 9), as
well as functional near infra red spectroscopy (fNIRS; Wagshul et al.,
2019; n¼ 1) and magnetoencephalography (MEG; Wiesman and Wilson,
2019; n¼ 1). Brain structural methods are also well-represented
including diffusion weighted imaging (including magnetic transfer,
tensor-based, and high angular resolution sequences), and other white
matter imaging techniques (including those to assess white matter
hyperintensities, enlarged perivascular spaces, and microbleeds) (Badji
et al., 2019; Brown et al., 2019; Dubost et al., 2019; Fan et al., 2019;
Guerri et al., 2019; Langen et al., 2019; Williams et al., 2019; n¼ 7). Two
studies used magnetic relaxation properties to assess iron content in the
aging brain via R2* mapping (Daugherty et al., 2019; Salami et al.,
2018), one study utilized spectroscopy to assess GABA (Cassady et al.,
2019), and four studies utilized PET imaging of various radioligands to
assess beta-amyloid and tau (Dong et al., 2019; Li et al., 2019; Kennedy
et al., 2019; Properzi et al., 2019). Finally, the special issue contains two
articles on the topic of non-invasive brain stimulation methods, one re-
view paper (Tan et al., 2019) and one empirical study (Abellaneda-Perez
et al., 2019).

As would be anticipated, there were numerous submissions (n¼ 10)
utilizing a multimodal neuroimaging approach, including two or more
imaging techniques (Abellaneda-Perez et al., 2019; Brown et al., 2019;
Cassady et al., 2019; Dong et al., 2019; Fan et al., 2019; Kennedy et al.,
2018; Langen et al., 2019; Li et al., 2019; Salami et al., 2018; Wagshul
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Fig. 1. Word cloud of special issue content, including a shout out to all of the contributing authors by name.
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et al., 2019). The use of multiple neuroimaging techniques to inform the
aging process is an important endeavor because different brain properties
do not function in isolation. Investigating the effects of one brain prop-
erty on another will push the understanding of brain aging to a more
sophisticated level. As a couple of examples from this special issue,
PET-based markers of proteinopathies, such as beta-amyloid and tau,
were used to gauge their associations with other brain properties
including task-evoked BOLD signal (Kennedy et al., 2018) and task-free
BOLD networks (Li et al., 2019). MR spectroscopy estimates of GABA
were used to predict resting state functional connectivity (rsFC) in
sensorimotor networks. Abellaneda-Perez and colleagues (2019) used
intermittent theta burst stimulation (iTBS) to gauge the disruption or
enhancement of default mode connectivity, measured with rsFC
methods, differentially in younger and older adults. Salami et al. (2018)
used R2* relaxometry as a measure of iron content to illustrate that rsFC
is modulated by higher striatal iron content in older adults. Hopefully,
the multimodal neuroimaging approach to the study of brain aging will
become de rigeuer in the near future.

Another important theme of the special issue was the emphasis on
individual difference factors and health variables on brain aging. Ten of
the submissions incorporated in some way aspects of health factors that
differ across individuals as they age (Daugherty et al., 2019; Dubost et al.,
2019; Fernandez et al., 2019; Kennedy et al., 2019; Kumral et al., 2019; Li
et al., 2019; Li et al., 2019; Salami et al., 2018; Williams et al., 2019;
Zonneveld et al., 2019). Given the salient role in brain aging, it is not
surprising that many of these health factors are vascular in nature. As a
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few examples, Dubost et al. (2019) examined an automated method for
the measurement of enlarged perivascular spaces, which may prove to be
a proxy for small vessel disease, as may be the role of white matter
hyperintensities on diffusion weighted measures of white matter health
(Langen et al., 2019). Badji et al. (2019) examined the effects of arterial
stiffness, via pulse wave velocity, on age-related differences in white
matter diffusion metrics. Kumral et al. (2019) report an age-dependent
relationship between resting heart rate variability and rsFC. An
intriguing association between R2* oxygenation properties in the renal
system and the brain was reported by Li et al. (2019). Two further studies
examined the role of genetic predisposition to aging-relevant risk.
Daugherty et al. (2019) report that genetic predisposition toward a
proinflammatory response state (IL-1β) exacerbated effects of striatal
iron content on executive function measures. Williams et al. (2019)
report that APOEε4 carriers evidenced steeper rates of change in white
matter diffusion properties than those individuals without the genetic
risk. Other submissions examined physical and sensory aspects of health
risk during aging such as risk of falling and gait performance (Fernandez
et al., 2019), dual-tasking while walking (Wagshul et al., 2019), dedif-
ferentiation of speech processing in older age (Keller et al., 2019), and
age-related alterations in BOLD activation during motor learning (Ber-
ghuis et al., 2019). Given that aging is a biological process characterized
by individual differences in health, risk, lifestyle, and et cetera factors, it
is imperative that the study of brain aging continues to take these
influential modifiers into account.

The last common theme noted in the collection of studies in the
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special issue is the importance of yoking differences in brain properties
with aging back to some outcome measure of cognition or function. A
gratifyingly large number of the special issue submissions placed their
neuroimaging findings into a cognitive context. Indeed, at least 16 of the
26 submissions contained a cognitive, behavioral, or performance mea-
sure of some type. This practice is especially important as the field seeks
out which brain alterations are most associated with cognitive conse-
quences, and is a practice to be lauded and encouraged for all future
aging and brain studies. Where the aging and brain field continues to fall
short, and this special issue is no exception, is the persistence of solely
cross-sectional designs and the use of extreme age group comparisons. Of
the 26 studies included, almost all were cross-sectional in design
(excepting Brown et al., 2019; Williams et al., 2019), and those that
contained a longitudinal component, tended to utilize baseline-change
association investigations rather than change-change associations. The
difficulties associated with longitudinal aging research are non-trivial,
yet this research design is needed to gauge actual change in brain and
cognition with age. The editors hold great hope that the next instantia-
tion of a special issue on the aging brain will contain many longitudinal
studies, or ideally, even comprise the whole issue!
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