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Abstract

Structural MRI (sMRI)-identified tissue “growth” after neuropsychological training has been
reported in many studies but the origins of those apparent tissue changes (ATC) still remain
elusive. One possible contributor to ATC is brain perfusion since T1-weighted MRI, the tool
used to identify ATC, is sensitive to perfusion-change induced tissue T1 alterations. To test
the hypothetical perfusion contribution to ATC, sMRI data were acquired before and after
short-term global and regional perfusion manipulations via intaking a 200 mg caffeine pill
and performing a sensorimotor task. Caffeine intake caused a global CBF reduction and
apparent tissue density reduction in temporal cortex, anterior cingulate cortex, and the lim-
bic area; sensorimotor task induced CBF increase and apparent tissue increase in spatially
overlapped brain regions. After compensating CBF alterations through a voxel-wise regres-
sion, the ATC patterns demonstrated in both experiments were substantially suppressed.
These data clearly proved existence of the perfusion contribution to short-term ATC, and
suggested a need for correcting perfusion changes in longitudinal T1-weighted structural
MRI analysis if a short-term design is used.

Introduction

T1-weighted structural MRI (sMRI) is a major MRI tool for study brain structures due to the
high spatial resolution, signal-to-noise-ratio, and the high intra-tissue signal contrast that it can
provide. Using sMRI, researchers have identified apparent tissue changes (ATC) after neuropsy-
chological training or medication [1-13]. While those findings might provide empirical evi-
dence of brain plasticity, their underlying neuro-mechanism still remains unclear [13, 14]
especially when there is no solid evidence of short-term neurogenesis, synaptogenesis, or glio-
genesis in adult human brain [15-18]. Because functional brain changes often are accompanied
by perfusion change [19], and nearly all aforementioned short-term or long-term learning or
training brain plasticity studies showed improved brain functions, one possible but still not fully
proven non-structural source of ATC could be brain perfusion. Because arterial blood has larger
T1 than brain tissues[20], substantial perfusion alterations would subsequently change tissue T1
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and induce ATC in the T'1 image based brain structure analysis using tools like the voxel-based
morphometry (VBM)[21]. Perfusion changes can also change tissue volume because of the
changed hydration. These postulations however have thus far only been evidenced in one
paper. In a study assessing the effects of GABAnergic medicine, Baclofen on blocking the smok-
ing-cue induced brain activations in chronic smokers, Franklin et al. [22] examined both brain
tissue changes and CBF changes after chronic smokers took one-dose of Baclofen. They found
partially overlapped baseline CBF reduction and ATC patterns. Probably due to the limited
sample size and or the non-specific CBF effects of the one-dose medicine (Baclofen), the CBF
reductions in that study were defined with a modest significance level. In addition, the data
were acquired from a 3-week smoking cessation trial, which can be subject to various confounds
including nicotine effects, time, other drug use, etc, making it non-ideal for delineating CBF
effects from the observed ATC. For example, abstinence from nicotine smoking can both
increase and decrease regional blood flow [23, 24]. Smokers may often drink alcohol, which
affects blood vessels and susbsequently blood flow too.

The purpose of this paper was to verify the hypothetical CBF contributions to short-term
ATC in normal adult brain using two established CBF manipulation paradigms: caffeine inges-
tion and visual-sensorimotor functional activation. We focus on very-short term ATC because
it is nearly impossible to have real tissue alterations in the normal brain after taking low-dose
caffeine and performing a short sensorimotor task. As compared to previous work[22], several
novelties were presented in this study. First, the two approaches are known to have reliable
CBEF effects. Acute caffeine intake is known to reduce global CBF [25-30] and visual and sen-
sorimotor function activation is a classical fMRI paradigm known to increase regional CBF in
the visual and sensorimotor network. Using these two approaches, we can see the effects of
both global and regional CBF-induced apparent tissue changes. Second, to avoid other con-
founds such as brain disorders, age, and time, we included young healthy subjects and used a
short-time design. Third, imaging data were acquired and processed with updated techniques.
Tissue changes were examined with the latest longitudinal VBM analysis method[21], which
was recommended in the longitudinal VBM method comparison paper [31]. CBF was mea-
sured using pseudo-continuous arterial spin-labeled (pCASL) perfusion MRI sequence with
background suppressed [32]. Such kind of sequences has been recently demonstrated to yield
more significant CBF difference after caffeine ingestion [30].

Materials and methods
Subjects

This study was conducted at the Center for Cognition and Brain Disorders (CCBD) in Hang-
zhou Normal University. All procedures were approved by the CCBD Institutional Review
Board (approval No. 20130819), and adhered to the Declaration of Helsinki. All subjects were
right-handed and were recruited from Hangzhou Normal University and local community in
Hangzhou, China from Oct 2013 to Apr 2015. They provided signed consent forms prior to
entry into the study. Subject exclusion criteria were: abnormal structural MRI, a history of
head trauma or other injury resulting in loss of consciousness lasting greater than three min-
utes or associated with skull fracture or inter-cranial bleeding, with any embedded brain or
body stimulation devices, with any ferromagnetic or magnetic susceptible materials or objects
on or within their body, having any neuropsychological problems as defined by the Mini-
International Neuropsychiatric Interview (MINI)[33], taking any medications that can affect
CBF in the past 10 days. Additional exclusion criteria were used for the subjects recruited for
the caffeine intake experiment: allergic to caffeine, drinking more than 1 cup of coffee or tea in
the past week and more than 10 cups of coffee or tea in the past half year.
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50 young healthy Han people (25 males and 25 females, age: 22.76+2.22 years (mean and
standard deviation (STD)), age range: 19~27 years) who had not drunken more than 1 cup of
coffee and 1 cup of tea in the past week participated in the caffeine experiment. The sensori-
motor task fMRI included 20 young health Han subjects (10 females, 10 males, age: 23.1+2.68
years, rangel19-28). No other demographic data were collected.

Design

In the caffeine experiment, all participants attended two imaging scan sessions in two days
with exactly 24 hours apart during the daytime between 9am and 5pm. No coffee or caffeine
contained beverage or food were allowed since 24 hours before the first experiment. Caffeine
has a mean serum half-life of 5.7 hours [34], and the 24 hour interval between the two scan
days was chosen to allow a full digestion of caffeine if it was taken in the first scan day. The
order of being caffeine free or taking caffeine prior to scan was counter-balanced with half of
subjects took a caffeine pill (200 mg) in the first day. For both sessions, subjects were asked to
rest for the same amount of time (30 minutes) outside of the scanner room before going inside
the scanner. For the caffeine intake session, subjects took a caffeine pill with water and waited
30 minutes before going inside the scanner for MR for the non-caffeine session, subjects only
took the same amount of water as in the caffeine intake session and waited 30 minutes before
going inside the scanner. For each session, both a T1-weighted high resolution structural MRI
and a six-minute brain perfusion MRI were acquired. Structural MRI lasted for 4 mins and 33
secs. ASL scan was 4 mins and 32 secs. The subjects were asked to stay awake while doing
nothing during both scans. The sensorimotor fMRI experiment followed a block-wise design,
consisted of two resting scan sessions (one for structural MRI and one for ASL MRI) and two
task activation scan sessions (one for structural MRI and one for ASL MRI). During the resting
session (4 mins and 33 secs when sMRI was acquired and 4 mins and 32 secs when ASL MRI
was acquired), subjects were asked to keep eyes open and think about nothing for the entire
scan time (either during the structural scan or ASL scan). During the task condition (4 mins
and 33 secs when sMRI was acquired and 4 mins and 32 secs when ASL MRI was acquired),
subjects were asked to watch an 8 Hz reversing black and white checkerboard and perform a
self-paced two-hand fingertapping task for the entire scan time (either during the structural
scan or ASL scan). The order of them within both the resting and task scan section was
counterbalanced.

Imaging parameters

Imaging experiments were performed on a 3.0T whole-body GE 750 MR scanner (GE, Milwau-
kee, US), using a standard 8-channel receive array. Structural images were acquired using a
T1-weighted inversion prepared 3D spoiled gradient echo (IR-SPGR) sequence with FOV =
256x256mm?, inversion time = 450 ms, TR/TE = 7.2/2.1ms, 256x256 matrix, 176 sagittal slices
with slice thickness = 1 mm. ASL scan was performed using a GE product pseudo continuous
arterial spin labeling (PCASL) perfusion MRI sequence. Three interleaved images with and
without labeling were obtained using a 3D fast-spin echo encoded spiral readout imaging se-
quence with 6 shots, 40 axial slices, TR = 4690ms, TE = 10.9ms, FOV = 220x220 mm2, slice
thickness = 3.4, labeling time = 1.5s, post label delay = 1525ms, bandwidth = 62.50Khz, matrix =
512x512.

Data processing

Longitudinal VBM. The longitudinal VBM algorithm [21] was used. A midterm (between
pre- and post-caffeine ingestion, and between the rest and task fMRI conditions) structural
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image was generated for each subject using a fast diffeomorphic registration algorithm, an
exponentiated Lie algebra algorithm (DARTEL)[35] implemented in SPM12. During the same
process, the longitudinal (pre- minus post-caffeine, and task minus rest) structural brain dif-
ference was also created. The midterm individual brains were segmented into gray matter
(GM), white matter (WM), cerebrospinal fluid (CSF) using the new segmentation algorithm in
SPM12 (http://www filion.ucl.ac.uk/spm/). A brain template capturing the common features
of all assessed subjects was then generated from the segmented midterm brains and was subse-
quently registered to the Montreal Neurological Institute (MNI) standard space. The longitu-
dinal structural brain difference maps were eventually registered and resampled into the MNI
space.

ASL data processing. CBF calculation was performed using an SPM-based ASL data pro-
cessing toolbox [36]. The MO map was registered to the midterm structural MRI generated as
above. The same registration transform was then applied to the CBF map, which was subse-
quently registered into the MNI space using the aforementioned DARTEL created structural
MRI based individual brain to MNI space transform. The pre- minus post-caffeine and task-
rest CBF difference maps were calculated for the following analyses.

Statistical analysis. One sample t-tests were used to assess the caffeine induced and the
task-activation induced tissue and CBF changes using the above mentioned tissue probability
difference maps and CBF difference maps, respectively.

CBEF difference was correlated to tissue difference at each voxel using simple regression for
the caffeine experiment data and sensorimotor task experiment data separately.

CBF difference was regressed out from the tissue difference map at each voxel. One-sample
t-test was conducted for the residual of the tissue difference maps to check whether controlling
CBF changes would reduce the apparent tissue changes (caused by caffeine or task activation).

Results
CBF and grey matter changes due to caffeine ingestion

Fig 1 shows the group level pre-caffeine minus post caffeine analysis results. Fig 1A is the
mean CBF difference (pre-caffeine minus post caffeine). Caffeine ingestion (a 200mg pill)
caused significant CBF reduction (p<0.005, cluster size<100, alpha<0.05 with Monte Carlo
simulation-based multiple comparison correction provided by 3dClustSim (https://afni.nimh.
nih.gov/pub/dist/doc/program_help/ 3dClustSim.html)) in the entire brain (Fig 1A). The
mean CBF reduction in the entire brain was 15.3 ml/100g/min. Fig 1B is the paired-t test of the
pre- and post-caffeine CBF difference thresholded at t> = 17 in order to show the peak loca-
tions. The extremely high threshold was chosen to only show the most prominent CBF differ-
ence so we could compare the patterns to those in VBM analysis. Fig 1C is the thresholded t
map of the longitudinal VBM analysis. Under the same significance threshold, grey matter
intensity reduction after taking caffeine was observed in hippocampus, orbito-frontal cortex,
ventral striatum, anterior cingulate cortex (ACC), insula, and superior temporal cortex (Fig
1C). Fig 1D is the VBM analysis result after regressing out the pre-post caffeine CBF difference
from the tissue density difference. No significant caffeine induced tissue density change was
observed after regressing out CBF reductions at each voxel.

CBF and grey matter changes due to sensorimotor task activation

Fig 2 shows the results of the sensorimotor task performance experiment. Fig 2A is the statisti-
cally thresholded post-pre task CBF difference. Fig 2B is the thresholded t-map of the post-pre
task tissue volume change analysis. Sensorimotor task activation caused significant (p<0.005,
cluster size>100, alpha<0.05 with Monte Carlo simulation-based multiple comparison using
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Fig 1. Statistical analysis results of the caffeine experiment (n = 50). A) Caffeine-induced mean CBF reduction (shown as the
mean pre-caffeine minus post-caffeine CBF difference). The colorbar underneath the figure indicates the color window for displaying
the CBF difference; B) T-map of the pre- minus post-caffeine CBF paired-t test thresholded at t> = 17. The colorbar under the
pictures indicate the color window for the t values; C) caffeine-induced ATC (pre-caffeine minus post-caffeine). The colorbar under
the pictures is the display window for the t-values; D) pre-post caffeine-intake ATC after controlling the pre-post CBF change. The
number above each slice indicates the axial slice location in the MNI space.

https://doi.org/10.1371/journal.pone.0182182.9001
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Fig 2. Statistical analysis results of the sensorimotor task fMRI experiment. A) Task-induced mean CBF reduction (shown as the mean pre-
minus post-task CBF difference), B) task-induced ATC (pre-caffeine minus post-caffeine), C) pre-post task ATC after controlling the pre-post CBF
change. The number above each slice indicates the slice location in the MNI space. The two colorbars indicate the display window for A and B: the one
under A indicates the CBF range of the displayed mean CBF difference; under B indicates the parametric t-map of the one-sample t-test of the pre-post
caffeine tissue volume change.

https://doi.org/10.1371/journal.pone.0182182.9g002

3dClustSim) CBF increase (hot color spots in Fig 2A) in the sensorimotor area (visual cortex,
thalamus, putamen, insula, motor cortex, supplementary motor area) and prefrontal cortex.
Using the same voxel-wise significance level, sensorimotor activation resulted in significant
apparent tissue density increase (hot spots in Fig 2B) in bilateral basal ganglia and visual cortex.
The apparent visual cortex tissue change clusters overlapped with task-induced CBF changes. In
caudate, ATC partially overlapped with CBF changes. Fig 2C shows that regressing out CBF
changes at each voxel suppressed the apparent gray matter increase pattern in visual cortex and
greatly reduced ATC in caudate (the significance threshold was the same as used above).
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Discussion

We demonstrated that short-term CBF reduction or CBF increase induced apparent brain tis-
sue decrease or increase, respectively in the T1-weighted MRI-based VBM analysis. Caffeine
ingestion caused a global CBF reduction and focal apparent tissue intensity reduction. Visual
sensorimotor task activation caused regional CBF increase and apparent tissue density in-
crease. After controlling for CBF changes (regressing out CBF changes from the tissue differ-
ence), the apparent tissue density alterations were substantially suppressed. Since taking a
small dose of caffeine for 30 minutes or performing a short-time visual sensorimotor task for 9
minutes are nearly impossible to result in genesis of neurons or non-neuronal cells at a massive
level to be observerable in sMRI, our data reasonably evidenced that short-term sMRI-derived
tissue changes are likely contributed by CBF alterations.

Previous learning-induced brain tissue increase studies noticed after-training functional
improvement but didn’t measure change of baseline CBF [1-13], which may explain why few
studies discussed the possibility of CBF-change induced ATC. While we showed evidence of
the non-structural contribution to the short-term sMRI-derived apparent tissue changes, our
data can not be over-explained to exclude the existence of having real structural changes after
long-time learning or training (such as months or years) or during the normal brain develop-
ment [37, 38]. Regardlessly, those long-term morphology changes should be assessed using
advanced MR imaging methods to be more readily interpretable [39]. Regarding the neuronal
and non-neuronal cause debate, our data showed both ways. In the caffeine experiment, CBF
reduction is mainly assumed to be induced by the neurovascular effects of caffeine. In other
words, the CBF-induced ATC is caused by a non-neuronal CBF variation event. In the visual-
sensorimotor task, CBF increase is caused by neuronal activation, meaning that the observed
ATC was contributed to by neuronal events.

Caffeine induced a global CBF reduction but only caused GM reduction in a few brain
regions. The spatial mismatch can be partly explained by the ATC-identification process in
VBM. In VBM, only two types of brain changes can be captured. The first is the tissue volume
difference which can be captured by the Jacobian during spatial brain normalization (into the
standard brain space). The second is the tissue histograms are first created in order to segment
the brain into different tissue type (such as grey matter, white matter, and CSF) with a certain
probability. When CBF alterations change the contrast between different brain tissues, a
change of sSMRI signal intensity histogram will occur, and consequently introduce ATCs. The
reason for having a global CBF reduction but a spatially restricted ATC may be that the global
CBF reduction did not change brain tissue intensity contrast significantly in most of the brain,
resulting in no change to the tissue intensity histograms. This may also explain why only a
small portion of the visual cortex showed significant ATC but nearly the entire visual cortex
presented CBF increase. Interestingly, basal ganglia (caudate and putamen) showed big ATC
clusters with minor overlap with the CBF increase clusters. Such mismatch may be caused by
the non-linear component of the CBF and sMRI relationship. Their non-linear relationship
can be even perceived in the spatially overlapped regions. As shown in the supplementary fig-
ures, in the tissue change and CBF change overlapped brain areas, the caffeine-induced CBF
changes didn’t show significant linear correlations to the tissue changes, though the task-acti-
vation induced CBF changes showed strong correlations to the task-activation induced tissue
changes. This non-linear relationship also suggests existence of other contributing factors. For
example, brain metabolite concentration changes in response to functional activation in a
regionally inhomogeneous way. Because metabolites have different T1 than tissue, their con-
centration changes could induce ATC as well. In normal healthy condition or when the
impaired brain state is recovering toward the healthy condition, increased brain activity
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induced an increase of blood flow through the CBF-metabolism coupling though the coupling
ratio may vary by caffeine [40, 41] or aging [42]. Nevertheless, regressing out CBF changes at
each voxel substantially suppressed ATC in both experiments. The observed concurrent CBF
change and ATC as well as the regression CBF out VBM analysis results suggest the hypotheti-
cal short-term CBF change-induced ATC and the need for controlling CBF during VBM
analysis.

One concern might be raised is the head motion difference between the caffeine-free and
caffeine sessions or between the baseline and sensorimotor task performance conditions. Mo-
tion surely is a concern for all MRI experiments and there is no technique available to com-
pletely avoid that. In our data, we didn’t notice motion artifacts in both sMRI and ASL MRI.
In additionally acquired resting state fMRI, we explicitly estimated head motions using the 6
direction rigid body affine transformation based motion correction algorithm implemented in
SPM. For the subjects included in this study, there were no significant motion differences
between the two scan sessions. The ASL MRI was based on a spiral sampling trajectory. Re-
peatedly sampling the k-space center therein reduces sensitivity to motions. Longitudinal data
analysis has been an active research topic and advanced analysis methods have been proposed
for more than 2 data points without strong data property assumptions [43, 44]. In this study,
we only acquired data at two timepoints, which still fits with the standard pair-wise statistical
comparison model. Certainly, if more timepoints will be acquired in future study, the other-
wise more complicated model should be used to analyze the data. It is very likely that other fac-
tors may contribute to the short-term tissue changes as well. Future studies should include
more imaging modalities using other advanced MRI techniques to have a more comprehensive
understanding of the short-term tissue changes or brain tissue plasticity [39]. We used caffeine
and fingertapping task because the two experiment paradigms are known to induce CBF
changes and are less likely to induce tissue changes, so we can explicitly verify whether CBF
can cause tissue changes.

Several limitations should be mentioned. First, caffeine intake was not controlled with pla-
cebos. The CBF change results might be a result of both caffeine and placebo. However, this
should not affect the verification of the major goal of this paper which was to verify the CBF
contribution to ATC rather than caffeine or placebo per se. We chose this simple design
because caffeine has been proven by many papers to induce robust CBF change. As no prior
studies have reported a significant CBF reduction after taking placebo pills, the placebo effects
if any should be a minor component to the identified CBF change. Second, CBF changes can
be induced by metabolism change and cerebral blood volume. Metabolism change is usually
much smaller than CBF and may not be detectable by sMRI-VBM. CBV is positively related to
CBF given the mean transit time. If the blood vessel volume doesn’t change, CBV would have
no effects on T1-weighted sMRI. But when increased CBV is accompanied by enlarged vessel
volumes, it may induce decreased tissue volume to keep the total volume the same. In our data
analysis, we didn’t find much difference between the analysis results with and without regional
volume modulation (meaning keep or not keep the regional tissue volume unchanged after
spatial brain normalization), suggesting that the effects of CBV are minor. On the other hand,
tissue volume change due to vessel volume increase will relatively decrease the free water frac-
tion of tissue and subsequently lead to a reduction of tissue T1[45]. That reduction would
show up in sMRI-VBM as atrophy rather than “tissue growth”, which may in fact compensate
part of the ATC. To further delineate CBV effects, CBV data should be collected in future
studies.

In summary, we showed the non-structural contributions to the short-term sMRI-ATC by
manipulating CBF in the normal brain. Our data suggest that controlling for CBF changes in
sMRI data analysis should be necessary to delineate the real structural MRI findings at least for
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the short-term longitudinal studies. Certainly, our data did not exclude the previously
observed long-term tissue changes though CBF contributions might still exist.

Supporting information

S1 Fig. The plot of caffeine induced tissue density reduction versus CBF reduction. Differ-
ence means pre-caffeine minus post-caffeine. Both measures were extracted from the supra-
threshold sMRI-ATC regions shown in Fig 1B. No significant correlation between the
caffeine-induced changes of the two measures.

(DOC)

S2 Fig. The plot of sensorimotor task induced tissue density increase versus CBF increase.
Difference means task condition minus rest condition. Both measures were extracted from the
overlapped suprathreshold sMRI-ATC regions and CBF regions shown in Fig 2A and 2B. Sig-
nificant correlation (r = 0.66, p = 0.0017) was found between the task-induced changes of the
two measures.

(DOC)

Acknowledgments

Work supported by Natural Science Foundation of Zhejiang Province Grant LZ15H180001,
the Youth 1000 Talent Program of China, and Hangzhou Qianjiang Endowed Professor Pro-
gram, National Natural Science Foundation of China (No. 61671198).

Author Contributions

Conceptualization: Thomas Liu, Yu-Feng Zang, Ze Wang.

Data curation: Qiu Ge, Wei Peng, Ze Wang.

Formal analysis: Qiu Ge, Ze Wang.

Funding acquisition: Xuchu Weng, Ze Wang.

Investigation: Qiu Ge, Wei Peng, Jian Zhang, Ze Wang.
Methodology: Qiu Ge, Ze Wang.

Project administration: Qiu Ge, Wei Peng, Jian Zhang, Ze Wang.
Resources: Qiu Ge, Wei Peng, Jian Zhang, Yong Zhang, Ze Wang.
Software: Qiu Ge, Ze Wang.

Supervision: Ze Wang.

Validation: Ze Wang.

Visualization: Qiu Ge, Wei Peng, Jian Zhang, Ze Wang.

Writing - original draft: Qiu Ge, Ze Wang.

Writing - review & editing: Qiu Ge, Wei Peng, Jian Zhang, Xuchu Weng, Yong Zhang,
Thomas Liu, Yu-Feng Zang, Ze Wang.

References

1. Draganski B, Gaser C, Busch V, Schuierer G, Bogdahn U, May A. Neuroplasticity: changes in grey mat-
ter induced by training. Nature. 2004; 427(6972):311-2. https://doi.org/10.1038/427311a PMID:
14737157.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182182  August 18, 2017 9/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182182.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0182182.s002
https://doi.org/10.1038/427311a
http://www.ncbi.nlm.nih.gov/pubmed/14737157
https://doi.org/10.1371/journal.pone.0182182

@° PLOS | ONE

CBF and apparent brain tissue change

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

Driemeyer J, Boyke J, Gaser C, Buchel C, May A. Changes in gray matter induced by learning—revis-
ited. PloS one. 2008; 3(7):€2669. https://doi.org/10.1371/journal.pone.0002669 PMID: 18648501;
PubMed Central PMCID: PMC2447176.

Taubert M, Draganski B, Anwander A, Muller K, Horstmann A, Villringer A, et al. Dynamic properties of
human brain structure: learning-related changes in cortical areas and associated fiber connections. The
Journal of neuroscience: the official journal of the Society for Neuroscience. 2010; 30(35):11670-7.
https://doi.org/10.1523/JNEUROSCI.2567-10.2010 PMID: 20810887.

Krafnick AJ, Flowers DL, Napoliello EM, Eden GF. Gray matter volume changes following reading inter-
vention in dyslexic children. Neuroimage. 2011; 57(3):733—41. hitps://doi.org/10.1016/j.neuroimage.
2010.10.062 PMID: 21029785; PubMed Central PMCID: PMC3073149.

Schmidt-Wilcke T, Rosengarth K, Luerding R, Bogdahn U, Greenlee MW. Distinct patterns of functional
and structural neuroplasticity associated with learning Morse code. Neuroimage. 2010; 51(3):1234—41.
https://doi.org/10.1016/j.neuroimage.2010.03.042 PMID: 20346399.

llg R, Wohlschlager AM, Gaser C, Liebau Y, Dauner R, Woller A, et al. Gray matter increase induced by
practice correlates with task-specific activation: a combined functional and morphometric magnetic res-
onance imaging study. The Journal of neuroscience: the official journal of the Society for Neuroscience.
2008; 28(16):4210-5. https://doi.org/10.1523/JNEUROSCI.5722-07.2008 PMID: 18417700.

Holzel BK, Carmody J, Vangel M, Congleton C, Yerramsetti SM, Gard T, et al. Mindfulness practice
leads to increases in regional brain gray matter density. Psychiatry research. 2011; 191(1):36—43.
https://doi.org/10.1016/j.pscychresns.2010.08.006 PMID: 21071182; PubMed Central PMCID:
PMC3004979.

Sampaio-Baptista C, Scholz J, Jenkinson M, Thomas AG, Filippini N, Smit G, et al. Gray matter volume
is associated with rate of subsequent skill learning after a long term training intervention. Neuroimage.
2014; 96:158-66. https://doi.org/10.1016/j.neuroimage.2014.03.056 PMID: 24680712

Ebdrup BH, Skimminge A, Rasmussen H, Aggernaes B, Oranje B, Lublin H, et al. Progressive striatal
and hippocampal volume loss in initially antipsychotic-naive, first-episode schizophrenia patients
treated with quetiapine: relationship to dose and symptoms. Int J Neuropsychoph. 2011; 14(1):69-82.
https://doi.org/10.1017/S1461145710000817 PMID: 20701823

Foland LC, Altshuler LL, Sugar CA, Lee AD, Leow AD, Townsend J, et al. Increased volume of the
amygdala and hippocampus in bipolar patients treated with lithium. Neuroreport. 2008; 19(2):221—4.
https://doi.org/10.1097/WNR.0b013e3282f48108 PMID: 18185112

Yucel K, McKinnon MC, Taylor VH, Macdonald K, Alda M, Young LT, et al. Bilateral hippocampal vol-
ume increases after long-term lithium treatment in patients with bipolar disorder: a longitudinal MRI
study. Psychopharmacology. 2007; 195(3):357-67. hitps://doi.org/10.1007/s00213-007-0906-9 PMID:
17705060

Engvig A, Fjell AM, Westlye LT, Moberget T, Sundseth O, Larsen VA, et al. Effects of memory training
on cortical thickness in the elderly. Neuroimage. 2010; 52(4):1667-76. https://doi.org/10.1016/j.
neuroimage.2010.05.041 PMID: 20580844.

Zatorre RJ, Fields RD, Johansen-Berg H. Plasticity in gray and white: neuroimaging changes in brain
structure during learning. Nature neuroscience. 2012; 15(4):528-36. https://doi.org/10.1038/nn.3045
PMID: 22426254; PubMed Central PMCID: PMC3660656.

Weinberger DR, Radulescu E. Finding the Elusive Psychiatric "Lesion" With 21st-Century Neuroanat-
omy: A Note of Caution. The American journal of psychiatry. 2016; 173(1):27-33. https://doi.org/10.
1176/appi.ajp.2015.15060753 PMID: 26315983.

Ernst A, Alkass K, Bernard S, Salehpour M, Perl S, Tisdale J, et al. Neurogenesis in the Striatum of the
Adult Human Brain. Cell. 2014; 156(5):1072—83. https://doi.org/10.1016/j.cell.2014.01.044 PMID:
24561062

Eriksson PS, Perfilieva E, Bjork-Eriksson T, Alborn AM, Nordborg C, Peterson DA, et al. Neurogenesis
in the adult human hippocampus. Nat Med. 1998; 4(11):1313-7. https://doi.org/10.1038/3305 PMID:
9809557

Roy NS, Wang S, Jiang L, Kang J, Benraiss A, Harrison-Restelli C, et al. In vitro neurogenesis by pro-
genitor cells isolated from the adult human hippocampus. Neurol Surg Tokyo. 2001; 29(2):195—.

Bhardwaj RD, Curtis MA, Spalding KL, Buchholz BA, Fink D, Bjork-Eriksson T, et al. Neocortical neuro-
genesis in humans is restricted to development. P Natl Acad Sci USA. 2006; 103(33):12564-8. https:/
doi.org/10.1073/pnas.0605177103 PMID: 16901981

Detre JA, Rao H, Wang DJ, Chen YF, Wang Z. Applications of arterial spin labeled MRI in the brain. J
Magn Reson Imaging. 2012; 35(5):1026—37. Epub 2012/01/17. https://doi.org/10.1002/jmri.23581
PMID: 22246782; PubMed Central PMCID: PMC3326188.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182182  August 18, 2017 10/12


https://doi.org/10.1371/journal.pone.0002669
http://www.ncbi.nlm.nih.gov/pubmed/18648501
https://doi.org/10.1523/JNEUROSCI.2567-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20810887
https://doi.org/10.1016/j.neuroimage.2010.10.062
https://doi.org/10.1016/j.neuroimage.2010.10.062
http://www.ncbi.nlm.nih.gov/pubmed/21029785
https://doi.org/10.1016/j.neuroimage.2010.03.042
http://www.ncbi.nlm.nih.gov/pubmed/20346399
https://doi.org/10.1523/JNEUROSCI.5722-07.2008
http://www.ncbi.nlm.nih.gov/pubmed/18417700
https://doi.org/10.1016/j.pscychresns.2010.08.006
http://www.ncbi.nlm.nih.gov/pubmed/21071182
https://doi.org/10.1016/j.neuroimage.2014.03.056
http://www.ncbi.nlm.nih.gov/pubmed/24680712
https://doi.org/10.1017/S1461145710000817
http://www.ncbi.nlm.nih.gov/pubmed/20701823
https://doi.org/10.1097/WNR.0b013e3282f48108
http://www.ncbi.nlm.nih.gov/pubmed/18185112
https://doi.org/10.1007/s00213-007-0906-9
http://www.ncbi.nlm.nih.gov/pubmed/17705060
https://doi.org/10.1016/j.neuroimage.2010.05.041
https://doi.org/10.1016/j.neuroimage.2010.05.041
http://www.ncbi.nlm.nih.gov/pubmed/20580844
https://doi.org/10.1038/nn.3045
http://www.ncbi.nlm.nih.gov/pubmed/22426254
https://doi.org/10.1176/appi.ajp.2015.15060753
https://doi.org/10.1176/appi.ajp.2015.15060753
http://www.ncbi.nlm.nih.gov/pubmed/26315983
https://doi.org/10.1016/j.cell.2014.01.044
http://www.ncbi.nlm.nih.gov/pubmed/24561062
https://doi.org/10.1038/3305
http://www.ncbi.nlm.nih.gov/pubmed/9809557
https://doi.org/10.1073/pnas.0605177103
https://doi.org/10.1073/pnas.0605177103
http://www.ncbi.nlm.nih.gov/pubmed/16901981
https://doi.org/10.1002/jmri.23581
http://www.ncbi.nlm.nih.gov/pubmed/22246782
https://doi.org/10.1371/journal.pone.0182182

@° PLOS | ONE

CBF and apparent brain tissue change

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Lu K, Perthen JE, Duncan RO, Zangwill LM, Liu TT. Noninvasive measurement of the cerebral blood
flow response in human lateral geniculate nucleus with arterial spin labeling fMRI. Hum Brain Mapp.
2008; 29(10):1207—14. Epub 2007/08/23. https://doi.org/10.1002/hbm.20459 PMID: 17712783.

Ashburner J, Ridgway GR. Symmetric diffeomorphic modeling of longtudinal structural MRI. Front Neu-
rosci-Switz. 2013;6. Artn 197 https://doi.org/10.3389/Fnins.2012.00197 PMID: 23386806

Franklin TR, Wang Z, Shin J, Jagannathan K, Suh JJ, Detre JA, et al. A VBM study demonstrating
‘apparent’ effects of a single dose of medication on T1-weighted MRIs. Brain structure & function. 2013;
218(1):97—104. https://doi.org/10.1007/s00429-012-0385-6 PMID: 223024 33; PubMed Central PMCID:
PMC3743241.

Zubieta JK, Heitzeg MM, Xu Y, Koeppe RA, NiL, Guthrie S, et al. Regional cerebral blood flow
responses to smoking in tobacco smokers after overnight abstinence. Am J Psychiatry. 2005; 162
(3):567—-77. Epub 2005/03/03. 162/3/567 [pii] https://doi.org/10.1176/appi.ajp.162.3.567 PMID:
15741475.

Wang Z, Faith M, Patterson F, Tang K, Kerrin K, Wileyto EP, et al. Neural substrates of abstinence-
induced cigarette cravings in chronic smokers. J Neurosci. 2007; 27(51):14035-40, PMC2153440.
Epub 2007/12/21. 27/51/14035 [pii] https://doi.org/10.1523/JNEUROSCI.2966-07.2007 PMID:
18094242; PubMed Central PMCID: PMC2153440.

Addicott MA, Yang LL, Peiffer AM, Burnett LR, Burdette JH, Chen MY, et al. The Effect of Daily Caffeine
Use on Cerebral Blood Flow: How Much Caffeine can we Tolerate? Human brain mapping. 2009; 30
(10):3102—14. https://doi.org/10.1002/hbm.20732 PMID: 19219847

Cameron OG, Modell JG, Hariharan M. Caffeine and human cerebral blood flow: a positron emission
tomography study. Life sciences. 1990; 47(13):1141-6. PMID: 2122148.

Field AS, Laurienti PJ, Yen YF, Burdette JH, Moody DM. Dietary caffeine consumption and withdrawal:
confounding variables in quantitative cerebral perfusion studies? Radiology. 2003; 227(1):129-35.
https://doi.org/10.1148/radiol.2271012173 PMID: 12616005.

Lunt MJ, Ragab S, Birch AA, Schley D, Jenkinson DF. Comparison of caffeine-induced changes in cere-
bral blood flow and middle cerebral artery blood velocity shows that caffeine reduces middle cerebral
artery diameter. Physiol Meas. 2004; 25(2):467—74. Pii S0967-3334(04)69322-1 https://doi.org/10.
1088/0967-3334/25/2/006 PMID: 15132312

Wu WC, Lien SH, Chang JH, Yang SC. Caffeine alters resting- state functional connectivity measured
by blood oxygenation level- dependent MRI. Nmr Biomed. 2014; 27(4):444-52. https://doi.org/10.1002/
nbm.3080 PMID: 24478235

Mutsaerts HIMM Steketee RME, Heijtel DFR Kuijer JPA, van Osch MJP Majoie CBLM, et al. Reproduc-
ibility of pharmacological ASL using sequences from different vendors: implications for multicenter drug
studies. MAGMA. 2015;Epub ahead of print. https://doi.org/10.1007/s10334-014-0480-1 PMID:
25588906

Thomas AG, Marrett S, Saad ZS, Ruff DA, Martin A, Bandettini PA. Functional but not structural
changes associated with learning: an exploration of longitudinal voxel-based morphometry (VBM). Neu-
roimage. 2009; 48(1):117-25. https://doi.org/10.1016/j.neuroimage.2009.05.097 PMID: 19520171;
PubMed Central PMCID: PMC2981435.

Alsop DC, Detre JA, Golay X, Gunther M, Hendrikse J, Hernandez-Garcia L, et al. Recommended
implementation of arterial spin-labeled perfusion MRl for clinical applications: A consensus of the
ISMRM perfusion study group and the European consortium for ASL in dementia. Magnetic resonance
in medicine: official journal of the Society of Magnetic Resonance in Medicine / Society of Magnetic Res-
onance in Medicine. 2014. https://doi.org/10.1002/mrm.25197 PMID: 24715426.

Sheehan DV, Lecrubier Y, Sheehan KH, Amorim P, Janavs J, Weiller E, et al. The Mini-International
Neuropsychiatric Interview (M.I.N.1.): the development and validation of a structured diagnostic psychi-
atric interview for DSM-IV and ICD-10. Journal of Clinical Psychiatry. 1998; 59 Suppl 20:22—-33;quiz
4-57. Epub 1999/01/09. PMID: 9881538.

Statland BE, Demas TJ. Serum caffeine half-lives. Healthy subjects vs. patients having alcoholic
hepatic disease. American journal of clinical pathology. 1980; 73(3):390-3. PMID: 7361718.

Ashburner J. A fast diffeomorphic image registration algorithm. Neuroimage. 2007; 38(1):95-113. Epub
2007/09/01. S1053-8119(07)00584-8 [pii] https://doi.org/10.1016/j.neuroimage.2007.07.007 PMID:
17761438.

Wang Z, Aguirre GK, Rao H, Wang J, Fernandez-Seara MA, Childress AR, et al. Empirical optimization
of ASL data analysis using an ASL data processing toolbox: ASLtbx. Magnetic Resonance Imaging.
2008; 26(2):261-9, PMC2268990. https://doi.org/10.1016/j.mri.2007.07.003 PMID: 17826940

Stiles J, Jernigan TL. The basics of brain development. Neuropsychology review. 2010; 20(4):327—48.
https://doi.org/10.1007/s11065-010-9148-4 PMID: 21042938; PubMed Central PMCID: PMC2989000.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182182  August 18, 2017 11/12


https://doi.org/10.1002/hbm.20459
http://www.ncbi.nlm.nih.gov/pubmed/17712783
https://doi.org/10.3389/Fnins.2012.00197
http://www.ncbi.nlm.nih.gov/pubmed/23386806
https://doi.org/10.1007/s00429-012-0385-6
http://www.ncbi.nlm.nih.gov/pubmed/22302433
https://doi.org/10.1176/appi.ajp.162.3.567
http://www.ncbi.nlm.nih.gov/pubmed/15741475
https://doi.org/10.1523/JNEUROSCI.2966-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/18094242
https://doi.org/10.1002/hbm.20732
http://www.ncbi.nlm.nih.gov/pubmed/19219847
http://www.ncbi.nlm.nih.gov/pubmed/2122148
https://doi.org/10.1148/radiol.2271012173
http://www.ncbi.nlm.nih.gov/pubmed/12616005
https://doi.org/10.1088/0967-3334/25/2/006
https://doi.org/10.1088/0967-3334/25/2/006
http://www.ncbi.nlm.nih.gov/pubmed/15132312
https://doi.org/10.1002/nbm.3080
https://doi.org/10.1002/nbm.3080
http://www.ncbi.nlm.nih.gov/pubmed/24478235
https://doi.org/10.1007/s10334-014-0480-1
http://www.ncbi.nlm.nih.gov/pubmed/25588906
https://doi.org/10.1016/j.neuroimage.2009.05.097
http://www.ncbi.nlm.nih.gov/pubmed/19520171
https://doi.org/10.1002/mrm.25197
http://www.ncbi.nlm.nih.gov/pubmed/24715426
http://www.ncbi.nlm.nih.gov/pubmed/9881538
http://www.ncbi.nlm.nih.gov/pubmed/7361718
https://doi.org/10.1016/j.neuroimage.2007.07.007
http://www.ncbi.nlm.nih.gov/pubmed/17761438
https://doi.org/10.1016/j.mri.2007.07.003
http://www.ncbi.nlm.nih.gov/pubmed/17826940
https://doi.org/10.1007/s11065-010-9148-4
http://www.ncbi.nlm.nih.gov/pubmed/21042938
https://doi.org/10.1371/journal.pone.0182182

@° PLOS | ONE

CBF and apparent brain tissue change

38.

39.

40.

41.

42,

43.

44.

45.

Hedman AM, van Haren NE, Schnack HG, Kahn RS, Hulshoff Pol HE. Human brain changes across
the life span: a review of 56 longitudinal magnetic resonance imaging studies. Human brain mapping.
2012; 33(8):1987—-2002. https://doi.org/10.1002/hbm.21334 PMID: 21915942.

Tardif CL, Gauthier CJ, Steele CJ, Bazin PL, Schafer A, Schaefer A, et al. Advanced MRI techniques to
improve our understanding of experience-induced neuroplasticity. Neuroimage. 2016; 131:55-72.
https://doi.org/10.1016/j.neuroimage.2015.08.047 PMID: 26318050.

Perthen JE, Lansing AE, Liau J, Liu TT, Buxton RB. Caffeine-induced uncoupling of cerebral blood flow
and oxygen metabolism: a calibrated BOLD fMRI study. Neuroimage. 2008; 40(1):237—47. https://doi.
org/10.1016/j.neuroimage.2007.10.049 PMID: 18191583; PubMed Central PMCID: PMC2716699.

Chen'Y, Parrish TB. Caffeine’s effects on cerebrovascular reactivity and coupling between cerebral
blood flow and oxygen metabolism. Neuroimage. 2009; 44(3):647-52. https://doi.org/10.1016/j.
neuroimage.2008.09.057 PMID: 19000770; PubMed Central PMCID: PMC2654762.

Venkat P, Chopp M, Chen J. Models and mechanisms of vascular dementia. Experimental neurology.
2015; 272:97-108. https://doi.org/10.1016/j.expneurol.2015.05.006 PMID: 25987538; PubMed Central
PMCID: PMC4631710.

Guillaume B, Hua X, Thompson PM, Waldorp L, Nichols TE, Alzheimer’s Disease Neuroimaging I. Fast
and accurate modelling of longitudinal and repeated measures neuroimaging data. Neurolmage. 2014;
94:287-302. https://doi.org/10.1016/j.neuroimage.2014.03.029 PMID: 24650594; PubMed Central
PMCID: PMC4073654.

Bernal-Rusiel JL, Greve DN, Reuter M, Fischl B, Sabuncu MR, Alzheimer’s Disease Neuroimaging I.
Statistical analysis of longitudinal neuroimage data with Linear Mixed Effects models. Neurolmage.
2013; 66:249-60. https://doi.org/10.1016/j.neuroimage.2012.10.065 PMID: 23123680; PubMed Central
PMCID: PMC3586747.

Fatouros PP, Marmarou A, Kraft KA, Inao S, Schwarz FP. In vivo brain water determination by T1 mea-
surements: effect of total water content, hydration fraction, and field strength. Magn Reson Med. 1991;
17(2):402—13. PMID: 2062213.

PLOS ONE | https://doi.org/10.1371/journal.pone.0182182  August 18, 2017 12/12


https://doi.org/10.1002/hbm.21334
http://www.ncbi.nlm.nih.gov/pubmed/21915942
https://doi.org/10.1016/j.neuroimage.2015.08.047
http://www.ncbi.nlm.nih.gov/pubmed/26318050
https://doi.org/10.1016/j.neuroimage.2007.10.049
https://doi.org/10.1016/j.neuroimage.2007.10.049
http://www.ncbi.nlm.nih.gov/pubmed/18191583
https://doi.org/10.1016/j.neuroimage.2008.09.057
https://doi.org/10.1016/j.neuroimage.2008.09.057
http://www.ncbi.nlm.nih.gov/pubmed/19000770
https://doi.org/10.1016/j.expneurol.2015.05.006
http://www.ncbi.nlm.nih.gov/pubmed/25987538
https://doi.org/10.1016/j.neuroimage.2014.03.029
http://www.ncbi.nlm.nih.gov/pubmed/24650594
https://doi.org/10.1016/j.neuroimage.2012.10.065
http://www.ncbi.nlm.nih.gov/pubmed/23123680
http://www.ncbi.nlm.nih.gov/pubmed/2062213
https://doi.org/10.1371/journal.pone.0182182

