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Abstract: In this report we demonstrate a hemodynamic scaling method with resting-state fluctuation of
amplitude (RSFA) in healthy adult younger and older subject groups. We show that RSFA correlated
with breath hold (BH) responses throughout the brain in groups of younger and older subjects which
RSFA and BH performed comparably in accounting for age-related hemodynamic coupling changes, and
yielded more veridical estimates of age-related differences in task-related neural activity. BOLD data
from younger and older adults performing motor and cognitive tasks were scaled using RSFA and BH
related signal changes. Scaling with RSFA and BH reduced the skew of the BOLD response amplitude
distribution in each subject and reduced mean BOLD amplitude and variability in both age groups. Stat-
istically significant differences in intrasubject amplitude variation across regions of activated cortex, and
intersubject amplitude variation in regions of activated cortex were observed between younger and older
subject groups. Intra- and intersubject variability differences were mitigated after scaling. RSFA, though
similar to BH in minimizing skew in the unscaled BOLD amplitude distribution, attenuated the neural
activity-related BOLD amplitude significantly less than BH. The amplitude and spatial extent of group
activation were lower in the older than in the younger group before and after scaling. After accounting
for vascular variability differences through scaling, age-related decreases in activation volume were
observed during the motor and cognitive tasks. The results suggest that RSFA-scaled data yield age-
related neural activity differences during task performance with negligible effects from non-neural (i.e.,
vascular) sources. Hum Brain Mapp 32:1125-1140, 2011.  © 2010 Wiley-Liss, Inc.
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Age-related changes in cerebrovascular physiology affect
coupling between neural activity and (non-neural) vascu-
lar reactivity reflected in the blood-oxygen-level-dependent
(BOLD) response that is measured in functional magnetic
resonance imaging (fMRI). A significant literature showing
that accuracy of BOLD signal measurement is adversely
affected by age-related cerebral vascular changes has accu-
mulated over time [e.g.,, D’Esposito et al., 1999; Huettel
et al., 2001; Riecker et al., 2003; Ross et al.,, 1997, Taoka
et al., 1998]. Most fMRI studies of aging have summarily
overlooked this evidence, analyzing data from younger
and older adults with common regressors and without
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any subject or group-specific scaling factors that could
account for age-related vascular influences. Older adults
have lower resting CBF [Bentourkia et al., 2000; Leenders
et al., 1990] and larger intersubject hemodynamic variability
[Aizenstein et al., 2006; D’Esposito et al., 1999; Huttel et al.,
2001; Samanez-Larkin and D’Esposito, 2008]. These age-
related differences in cerebrovascular conditions can exacer-
bate task-induced BOLD signal variability in older samples
[Kannurpatti et al., 2010]. Some researchers have used sub-
ject-specific regressors to account for age-related hemody-
namic changes [Rypma and D’Esposito, 2000, 2001; Rypma
et al., 2005, 2007]. This method has required the assumption
of regional HRF equivalence, one that is demonstrably
unsafe [Maccotta and Buckner, 2004]. In order to accurately
assess age-related differences in neural activity using fMRI,
it is necessary to minimize the influence of the non-neural
component generally referred to as the vascular component.

Affording practical advantages over breathing CO,,
breath hold (BH) has been a useful standard for evaluating
vasomotor capacity in fMRI studies and has been investi-
gated across a wide age range in humans [Kastrup et al.,
1998, 1999; Riecker et al., 2003; Thomason et al., 2005], and
in animals [Kannurpatti et al., 2002]. BH has been recently
used as a hypercapnic hemodynamic scaling variable to
eliminate intersubject variability [Biswal et al., 2007; Hand-
werker et al., 2007, Thomason et al., 2007]. However, sub-
ject compliance issues related to, for example, individual
differences in inspiration extent and lung capacity, and
neural confounds related to air hunger in the hypercapnic
BH task can adversely affect accurate derivation of a
hypercapnic scaling factor, especially in patients and older
adults [Banzett et al., 2000; Brannan et al., 2001; Cohen
et al., 2004; Corfield et al., 1995; Evans et al., 2002; Liotti
et al., 2001; Parsons et al., 2001].

Our studies of non-neural influences on the resting-state
fMRI signal indicated strong amplitude and spatial corre-
lation of the low frequency BOLD fluctuation with hyper-
capnic BH response [Biswal et al., 2007]. These results
were supported by an earlier finding that resting-state
BOLD signal fluctuations in low frequencies are sensitive
to systemic fluctuations in CO,, an indicator of vascular
sensitivity [Wise et al., 2004]. Thus, this correlation occurs
because subject-specific vascular sensitivity information is
contained in the resting-state BOLD fluctuation amplitude
(RSFA), available from a simple resting-state fMRI scan
[Kannurpatti and Biswal, 2008]. Hence an important appli-
cation of hemodynamic scaling using RSFA would be to
explore neural activity differences between younger and
older populations independent of non-neural vascular ac-
tivity. The purpose of the present study is validation of
this method by critically assessing its performance against
BH. BOLD signal change in activated regions in response
to task-related neural activity was determined by conven-
tional statistical parametric mapping in younger and older
groups. In order to determine the extent of BOLD signal
change due to neural activity while minimizing influences
of age-related vascular differences, BOLD responses from

the activated regions were scaled using RSFA and com-
pared with BH. Subsequently, a model free detection
method was used to obtain the task-induced activation
maps before and after scaling to determine the effects of
scaling on activation. Scaling was performed on data from
two different tasks to investigate the effect in different corti-
cal systems. The first task was a simple “motor” task, in
which subjects serially touched the thumb of each hand to
each finger. This task was performed without any difficulty
by both age groups. The second task was a “cognitive” task
in which, on each trial, subjects were required to report
whether or not a probe digit-symbol pair also appeared in a
simultaneously presented digit-symbol table that appeared
just above the probe. This task is known to elicit age-differ-
ential performance [e.g., Erber et al., 1981; Joy et al., 2000;
Motes and Rypma, 2009; Salthouse, 1992]. Our primary
results were that (1) task-induced BOLD signal amplitude
changes were spatially more variable within the activated
regions in younger when compared with older subjects, (2)
mean task-induced BOLD signal amplitude in activated
voxels varied to a lesser extent between younger subjects
when compared with older, (3) scaling with RSFA and BH
reduced the intra- and intersubject variability to similar lev-
els despite age-related variability differences in unscaled
BOLD signals between the two groups, (4) RSFA mitigated
vascular influences on BOLD signal variability in a manner
and extent similar to BH after scaling, but attenuated the
BOLD response amplitude significantly less than BH, and
(5) smaller group activation volume in the older subjects
during both tasks persisted after scaling, indicating task-
induced neural activation differences with normal aging.

METHOD
Subjects

Twelve younger healthy subjects (6 males and 6 females;
mean age, 24 years; range, 19-27 years) and 12 older
healthy subjects (5 males and 7 females; mean age, 58
years; range, 55-71 years) with no history of head trauma
and neurological diseases were scanned. All experimental
procedures were approved by the Institutional Review
Board of the University of Texas at Dallas. Written
informed consent was obtained from all subjects and paid
on an hourly basis during the study.

Experimental Tasks

Each subject performed a BH, bilateral fingertapping
(FTAP), and Digit-Symbol Substitution task (DSST) para-
digm. Resting-state fMRI scans were also obtained for all
the subjects.

Breath hold (BH)

The BH experiment consisted of a 40-s rest period (nor-
mal breathing) followed by three repetitions of alternate
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Figure I.
Schematic of the DSST task paradigm. A digit-symbol key and a digit-symbol probe appearing
simultaneously for 4 s in each trial. The trials were jittered with 4-s periods of rest.

epochs of 20 s of end-tidal inspirational BH and 40 s of
normal breathing [Biswal et al., 2007; Kannurpatti et al.,
2002]. Subjects were trained on the BH technique before
the actual scanning session and advised to avoid inhala-
tion of larger than normal volume of air before BH. A
white circle remained centered on the screen during the
normal respiration periods, and to signal the breath-hold
periods, the circle changed color to cyan and began flash-
ing at 0.5 Hz. Participants were instructed to take a normal
breath when the circle changed colors and began flashing
and to hold the breath until the circle stopped flashing.

Bilateral fingertapping (FTAP)

A white circle remained centered on the screen during
the rest periods, and to signal the finger-tapping periods,
the circle changed color to cyan and began flashing at 0.5
Hz. Participants sequentially touched each finger of each
hand to its respective thumb making one touch and
release, as best they could, in synchrony with the flashing
circle. Subjects repetitively performed the sequence 1-2-3-4
where the numbers represented the little, ring, middle,
and index fingers, respectively. The FTAP paradigm con-
sisted of an initial 10-s rest period followed by four repeti-
tions of alternate epochs of 20-s of bilateral fingertapping
and 20-s of rest. There was no group specific inability to
maintain the minimal performance rate.

Digit symbol substitution (DSST)

Adapted from the Wechsler Adult Intelligence Scale,
[Wechsler, 1981] the modified Digit Symbol Substitution
(DSST) task consisted of a code table that represents pair-
ings of digits and nonsense symbols. The code table con-
taining digit-symbol pairs and a single digit-symbol probe
was projected simultaneously on a screen for 4 s viewed
by subjects inside the MR-scanner [Rypma et al., 2006]. If
the probe-pair matched one of those in the table, subjects
pressed a right-thumb button; otherwise, they pressed a
left-thumb button. There was a total of 52 trials in a single
scanning run. On half the trials, the probe-pair matched
one of the digit-symbol pairs in the code table, on the
other half, the probe-pair did not match one of the pairs in

the code table. The stimuli stayed on the screen for 4 s fol-
lowed by variable inter-trial intervals of 0, 4, 8, or 12 s.
Figure 1 shows a schematic of the DSST task.

Resting-state

Subjects remained relaxed with their eyes closed during
the acquisition of the resting-state MR images.

MRI Acquisition

MR Imaging was performed on a Philips Achieva 3T
scanner equipped with an 8-element, SENSE, receive-only
head coil and a fixed asymmetric head gradient coil. Sub-
jects were positioned supine on the gantry with head in a
midline location in the coil. Foam padding and a pillow
were used to minimize head motion. High-resolution ana-
tomical images were obtained using an MPRAGE
sequence with 1 mm isovoxel; sagittal; TE = 3.7 ms and
flip angle = 12°. Gradient echo-EPI images were subse-
quently obtained during rest, BH, FTAP and the DSST
task. 32 slices were obtained in the axial plane covering
the entire brain. Imaging parameters were: FOV of 220
mm, 64 x 64 matrix, TR/TE = 2000/30 msec and slice
thickness of 4 mm; 120, 110, 150, and 90 EPI images were
obtained during each of rest, BH, DSST, and FTAP tasks,
respectively. Imaging parameters remained the same for
all four runs.

Data Analysis

All fMRI data sets were preprocessed using AFNI [Cox,
1996]. The EPI images were corrected for motion using a
rigid-body volume registration algorithm available in
AFNI. The motion correction algorithm calculated motion
in six directions of rotation and translation throughout
each run. The maximal displacement (D) was computed
after considering motion in all six directions to obtain a
single D value for each volume [Jiang et al., 1995]. EPI
data sets with D > 2 mm were omitted from further analy-
sis. All the data sets were detrended to remove quadratic
trends and statistical analysis was performed only on the
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voxels that represented brain tissue after masking out non-
brain structures. Data from one older subject was not con-
sidered for further analysis due to excessive head motion
and the resting-state data from one young subject was cor-
rupted. MR saturation effects at the beginning of the scan
were accounted for by eliminating the first four images in
all calculations.

Hemodynamic scaling of task-induced response

Definition of measured and estimated parameters for ev-
ery voxel:

i. Standard deviation (SD) estimated from the respec-
tive time series are defined as BOLD signal response
amplitude (ABOLD). For the motor and cognitive
tasks ABOLDy,sk = SDyek, for BH ABOLDgy =
SDgy, for the resting-state ABOLDyest = SDyegt, i€,
RSFA (depicted in Appendix, Fig. A1).

ii. BOLD signal change before scaling, (i.e., the percent
change) for every voxel was obtained using the
function 3dfim in AFNI [Cox, 1996]. For the motor
and cognitive tasks this parameter is By =
ABOLDyk/BOLD,e;, for BH By = ABOLDgy/
BOLD,est and for the resting-state Byt =
ABOLD;, st/ BOLD, ;. Where BOLD,.; is the mean
resting-state BOLD signal before and between task
presentation accounted by the resting periods in the
reference function time series by 3dfim.

iii. BOLD signal change after scaling with BH;

Bscaled = ABOLD‘cask/ ABOLDBH = SDtask / SDBH
(equivalent to dividing Eq. 1 by 2; see Appendix).

iv. BOLD signal change after scaling with RSFA;

Bscaled = ABOLDtaSk/ ABOL]:)res’t = SDtask/ SDrest
(equivalent to dividing Eq. 1 by 3; see Appendix).

v. After division of the amplitudes, the scaled BOLD
response had dimensions similar to the unscaled
BOLD responses (i.e., percent change).

Task-induced activation areas from conventional
statistical parametric mapping and effect
of scaling in those regions

To determine conventional activation maps in response
to the tasks in the two groups, a y-variate function was
convolved with the task reference function and cross cor-
related with the BOLD signal on a voxel-wise basis. Pa-
rameters of the y-variate function were derived according
to Cohen [1997]. During BH, the reference function was
shifted by 12 s to account for the hemodynamic delay dur-
ing the BH response [Kannurpatti et al., 2002]. As the tasks

had different time series lengths (resting-state: 120 images;
motor task: 90 images; DSST task: 150 images; BH task:
110 images), different correlation coefficient threshold val-
ues were required to obtain similar Bonferroni corrected P
values. FTAP activation was determined using a threshold
of 0.35, BH-activation using a threshold of 0.30 and DSST
activation using a threshold of 0.20, corresponding to a
Bonferroni corrected P < 0.01 [Bandettini et al., 1993]. To
minimize false positives, a minimum cluster size of 20
voxels was considered for generating the activation maps
at the subject level during all tasks. Group activation maps
were determined after converting each subject’s anatomi-
cal and functional map to standard MNI coordinates using
the ICBM-152 template in FSL/FLIRT [Jenkinson and
Smith, 2001]. The correlation coefficients from each indi-
vidual subject’s functional maps were z-transformed by
considering the arctanh on a voxel-wise basis and z-maps
from each subject were averaged. The averaged z-maps
were inverse Fisher transformed by considering the tanh
of the z-values to subsequently obtain the average correla-
tion coefficient map for each group.

Detection of model-free activation maps for
comparative analysis of brain activity before
and dfter scaling

To compare how brain activation patterns may be
altered after scaling, maps were generated using the 99th
percentile level of the null distribution, i.e., the distribu-
tion obtained from the resting-state scan as a threshold on
a subject-wise basis. The motivation for such an analysis
was to obtain a model free statistical estimate using a data
driven approach. This type of analysis does not need any
user input and compensates for putative intra- and inter-
subject differences in physiology that may alter the noise
structures of the acquired images [Baudewig et al., 2003].
Null distributions were obtained using all voxels repre-
senting the brain after masking the skull. To obtain the
null distributions before scaling, the task reference func-
tion was cross-correlated on a voxel wise basis with the
resting-state scan from each subject and BOLD signal per-
cent change was calculated using 3dfim. To obtain the null
distributions after scaling, the SD of the first half of the
resting-state time series was divided by the SD of the sec-
ond half to obtain the ratio in every voxel (this procedure
avoided the acquisition of another resting-state scan). The
null distribution after scaling with BH was obtained by
dividing the SD of the resting-state time series by the SD
of the BH time series. The activation map in a particular
subject was thresholded at the 99th percentile value using
the null distribution generated for that subject.

To identify intra- and intersubject BOLD signal variabili-
ty, the average BOLD signal change across all voxels in
each subject (meany,,) and its standard deviation (sdintra)
across all active voxels were determined. The intra-subject
coefficient of variation (CViyga = Sdinga/mean;yy,) was
estimated for each subject in the younger and older
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groups. The group average of the BOLD signal change in the
activated region (meanjn,) and its standard deviation across
the younger and older subjects (sdinter) was determined. The
inter-subject coefficient of variation (CVipter = Sdinter/mean-
inter) Was estimated for the younger and older groups.

Differences between group means was tested using the
unpaired student’s t-test and the equality of variances
between groups was tested using the Bartlett’s test and
P < 0.05 was required for significance.

RESULTS

Group activation volumes were smaller in the older, rela-
tive to the younger group during the motor and cognitive
tasks. Figure 2 shows the activation during the motor task
and Figure 3 shows that during the cognitive task. When
the data were analyzed from each subject, the activation
volume was significantly smaller in the older, relative to the
younger group during the cognitive task, but no significant
group difference was observed during the motor task
(Table I). Significant differences during the motor task were
not apparent despite higher average activation volumes.
This result was due to significantly larger variability in the
older compared with the younger subjects (P < 0.03;
Bartlett’s test). Activation volume variability was not signif-
icantly different in the older compared with the younger
subjects during the cognitive task (P < 0.1; Bartlett’s test).

Correlation of RSFA with BH

In a smaller group of subjects (mean age of 43 years),
we have shown that resting-state BOLD fluctuation ampli-
tude (RSFA) correlated strongly with BH-induced BOLD
response amplitude [Kannurpatti and Biswal, 2008]. In
order to see if a similar relationship would obtain in older
subjects and if there were any group differences in the cor-
relation between younger and older, we correlated older
subjects” RSFA with BH. In each subject, RSFA, estimated
as the temporal standard deviation (SD) of the resting-
state BOLD time series, was correlated with the BH signal
response, estimated as the temporal SD of the BH time se-
ries on a voxel-wise basis. The results of this analysis in
two younger and older subjects are shown in Figure 4.
Strong and significant correlations were observed between
RSFA and BH in corresponding voxels throughout the
brain. Similar correlations were observed in all other sub-
jects (Table II). All voxels within the brain were used for
the correlation and no significant difference was observed
in the RSFA-BH correlation between the younger and
older groups.

Scaling and Intrasubject BOLD
Amplitude Variation

Spatial variation in the BOLD hemodynamic response
during task performance can occur depending on tissue

characteristics, [e.g., proportions of gray and white matter,
presence of large vessels or draining veins; Bandettini and
Wong, 1997; Lee et al., 1995]. With advancing age, BOLD
characteristics can further change depending on gray mat-
ter loss and vessel compliance changes. To estimate the
effects of these characteristics within each subject, the
intra-subject coefficient of variation (CViny,) was calcu-
lated for each subject in the younger and older groups.
The CVinua for both the motor and cognitive task-induced
response was significantly smaller after scaling with RSFA
and BH (Fig. 5). The extent of reduction in the spatial vari-
ation of BOLD signal change, as measured by CViyg,, dur-
ing the motor and cognitive tasks was similar in both the
younger and older subjects. We tested for a significant dif-
ference in CVi,y, by considering any value greater than
the mean for the older group as a “success” using the sign
and binomial test [Siegel, 1956]. The CVj,y, values in the
younger subjects were found to be significantly greater
than the older subjects during the motor (sign and bino-
mial test; P < 0.02) and the cognitive task (sign and bino-
mial test; P < 0.02). The results indicated that the BOLD
signal amplitude change was more spatially variable in
the younger compared with the older.

Figure 6 shows the effect of scaling of the frequency dis-
tribution of the BOLD signal change during the motor and
cognitive tasks for younger and older subjects. The BOLD
signal change varied spatially between 1%-15% in every
subject during both tasks. Each distribution is the average of
the individual subject distributions obtained from each
group. Figure 6A,B show the average frequency distributions
of the BOLD signal change in response to the motor task in
the younger and older subjects after scaling with RSFA and
BH respectively. Figure 6C,D show the same for the cogni-
tive task. Scaling with RSFA or BH consistently reduced the
intra-subject variation in the BOLD signal change. The distri-
butions after scaling with RSFA and BH during both tasks
were significantly narrower than the distributions before
scaling. It is evident from Figure 6, Tables III and IV, that BH
scaling reduced the mean BOLD signal change more than
RSFA in both age groups irrespective of the task.

Scaling and Intersubject BOLD
Amplitude Variability

Vascular properties and baseline physiological condi-
tions may differ between subjects, which can contribute to
BOLD variation. To quantify these influences on BOLD
signal, inter-subject BOLD amplitude variability was deter-
mined. Table III shows the BOLD signal amplitude change
for the motor task before, and after scaling, with BH and
RSFA in the two groups. Table IV shows the same analy-
ses for the cognitive task. After scaling with BH, a signifi-
cantly larger reduction in BOLD variation during the
motor task was observed in the older subject group. The
inter-subject coefficient of variation (CVinter) decreased
from 0.57 to 0.22 (P < 1 x 107 Bartlett’s test of equality
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Figure 2.

Axial view of the group activation maps during the motor task
in (A) younger and (B) older subjects. A voxel-wise cross-cor-
relation of the BOLD signal time course was performed with
the reference function representing the task paradigm for each
subject convolved with a y-variate function. The subject-wise
correlation coefficient maps representing activation were

z-transformed and averaged. The group activation map was
determined after an inverse z-transform and using a correlation
coefficient threshold of 0.35 corresponding to a Bonferroni cor-
rected P < 0.01. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 3.

Axial view of the group activation maps during the cognitive
task in (A) younger and (B) older subjects. A voxel-wise cross-
correlation of the BOLD signal time course was performed with
the reference function representing the task paradigm for each
subject convolved with a y-variate function. The subject-wise
correlation coefficient maps representing activation were z-

transformed and averaged. The group activation map was deter-
mined after an inverse z-transform and using a correlation coef-
ficient threshold of 0.2 corresponding to a Bonferroni corrected
P < 0.0l. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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TABLE I. Activation volume (in cm?®) in response to the motor (FTAP), cognitive (DSST), and hypercapnia (BH)
tasks in young and old subjects

Young Old
Subject FTAP DSST BH FTAP DSST BH
1 62.56 59.48 393.96 — — —
2 41.68 39.08 685.84 53.48 13.08 665.28
3 44.92 48.12 695.36 15.2 27.48 261.12
4 178.68 51.2 667.0 32.68 38.92 308.92
5 56.8 59.92 359.08 36.64 45.0 554.64
6 77.64 88.56 665.0 236.48 21.84 278.28
7 59.76 34.76 540.48 48.64 22.52 445.32
8 42.0 51.68 204.76 115.88 42.76 181.68
9 46.84 39.16 266.84 171.32 39.68 438.92
10 74.92 28.84 335.24 48.04 50.08 392.68
11 84.28 82.08 449.68 28.84 89.68 323.12
12 46.56 68.96 229.56 134.36 46.44 442.0
Mean + SD 68.05 + 37.76 54.32 £+ 18.50 457.73 + 186.71 83.77 + 71.10 39.77 + 20.40* 390.18 + 139.50

*Significantly different P < 0.05 compared with DSST in young subjects; unpaired t-test.

of variance). Such large reductions in the inter-subject vari-
ation were not evident in the younger subject group where
CVinter reduced insignificantly from 0.18 to 0.15 after scal-
ing with BH. Importantly, age-group differences in CVjpter
reductions after scaling for the cognitive task were not sig-
nificantly different. During the cognitive task, CViner
reduced minimally from 0.31 to 0.28 in the older and from
0.28 to 0.25 in the younger subject group. A similar trend
was observed after scaling with RSFA. These results indi-
cate that vascular sensitivity-induced BOLD variation in
the motor cortex was more prominent in the older when
compared with the younger subjects.

Scaling and Spatial Extent of Activation

BOLD signal amplitude change was obtained for every
voxel before and after scaling in younger and older sub-
jects. Activation maps were generated using the 99" per-
centile values of rest-related BOLD signal change as a
threshold. Group maps generated using the above proce-
dure are depicted in Figure 7 for the motor task and Fig-
ure 8 for the cognitive task. BOLD activation patterns
obtained using the above statistical threshold method were
very similar to that obtained using cross-correlation analy-
sis of the BOLD signal time series with a reference func-
tion representing the task convolved with a y-variate
function (compare Figs. 2 and 3 with Figs. 7 and 8).

Figure 7 shows the group activation map of percent
change in BOLD signal during performance of the motor
task in the younger and older subjects. The older group
showed no difference in BOLD signal change except activ-
ity differences in the supplementary motor areas in
response to the motor task (compare Figs. 7A and 6D).
Scaling with RSFA diminished BOLD change in both
younger and older subjects (Fig. 7B,E). The activation vol-
ume after hemodynamic scaling with RSFA was smaller in

the older subjects when compared with the younger in the
motor cortex regions. Scaling with BH produced similar
results as RSFA, but BOLD activation was attenuated fur-
ther in the younger and older groups where activation,
previously present in the supplementary motor areas in
the younger group, was no longer above threshold (Fig.
7C,F). Figure 8 shows the spatial extent of the group acti-
vation map of percent change in BOLD signal during per-
formance of the cognitive task in the younger and older
subjects. The group maps in the older subjects showed
decreased activation volume compared with the younger
subjects before scaling (compare Fig. 8A,D). Scaling with
RSFA and BH diminished the amplitude of the percent
change maps in both younger and older subjects. RSFA
attenuated the neural response significantly less than BH.
As evident from Figure 8C,F, scaling with BH almost elimi-
nated activation in visual areas in the older subjects, which
did not occur during scaling with RSFA (Fig. 8B,E). The

TABLE Il. Correlation between RSFA and BH over
all subjects (younger and older)

Younger Correlation Older Correlation
subjects (r) subjects (r)
1 NA 1 NA
2 0.83 2 0.87
3 0.82 3 0.81
4 0.80 4 0.86
5 0.81 5 0.81
6 0.83 6 0.90
7 0.88 7 0.89
8 0.88 8 0.85
9 0.68 9 0.86
10 0.78 10 0.87
11 0.80 11 0.82
12 0.92 12 0.91
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Figure 4.
Correlation between RSFA and BH from four randomly selected subjects (two young and two
old). A high correlation of (r > 0.78) was observed over the subjects irrespective of age. [Color
figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5.

Spatial coefficient of variation (CVi,.,) in the BOLD signal change in the younger and older sub-
jects. Spatial variation in BOLD response are plotted before and after hemodynamic scaling with
RSFA and BH. (A) During the motor task. (B) During the cognitive task. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6.

The distributions of the percent change in BOLD signal during
the motor and cognitive task in the younger and older subjects.
(A, C) Before and after hemodynamic scaling with RSFA. (B,
D) Before and after hemodynamic scaling with BH. Each distri-
bution represents the average of all subjects in each group. Each
subject’s distribution was generated from the significantly active

percent change after scaling the cognitive task response
was smaller in both the younger and older groups.

DISCUSSION

Scaling using RSFA provides an empirically tractable and
convenient method for removing intra- and inter-subject
variability arising from vascular factors. Some areas of the
brain may have more non-neural variability than other
depending on the vascular composition of the regions
[Bandettini and Wong, 1997]. Studying two different corti-
cal systems and their responses to scaling can provide a
direct measure of vascular variability differences in certain

voxels after cross-correlation of the task-reference time series
with BOLD signal time series over all voxels in the brain. Same
number of voxels went toward the distributions before and after
scaling. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

cortical regions. In our earlier study, scaling using BH
mitigated inter-subject variability to a larger extent during
a motor task [Kannurpatti and Biswal, 2008] compared
with a cognitive task shown by a different group [Thoma-
son et al., 2007]. In the present study where each subject
performed motor and cognitive tasks in the same session,
comparison of vascular variability between two cortical
systems could be made. Scaling confirmed that a signifi-
cantly larger vascular component contributed to the inter-
subject variability during the motor task compared with
the cognitive task. Further, scaling resulted in the largest
reduction of inter-subject variability during the motor task
in the older subjects, which was significantly higher com-
pared with the younger. Such differences were not
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TABLE Ill. BOLD signal amplitude change in younger and older subjects to a motor task (FTAP) and their values

after hemodynamic scaling with RSFA or BH

Younger Older
Subject Unscaled Scaled_RSFA Scaled_BH Unscaled Scaled_RSFA Scaled_BH
1 3.27 NA 0.93 NA NA NA
2 2.62 1.22 0.9 3.00 1.41 1.38
3 2.58 1.06 0.73 1.64 0.98 0.70
4 3.60 1.40 0.90 2.36 1.36 1.04
5 2.47 1.67 1.08 2.94 091 1.17
6 3.39 1.53 1.40 5.94 1.65 1.23
7 2.35 1.25 1.10 8.91 1.39 0.75
8 2.94 1.20 1.02 3.28 1.38 0.93
9 3.15 1.46 1.00 3.68 141 0.87
10 1.83 1.60 1.30 2.04 1.58 0.77
11 2.71 1.10 1.00 2.71 0.96 1.16
12 2.69 1.20 0.93 3.70 1.03 1.00
Mean + SD 2.80 + 0.49 1.34 + 0.20 1.02 + 0.18* 3.65 + 2.07 1.28 + 0.26* 1.00 + 0.22""
CVinter 0.18 0.15 0.15 0.57 020" 022"

*Significantly different P < 0.01 compared with scaled_RSFA (younger and older subjects); unpaired student’s t-test.
*Significantly different P < 0.005 compared with unscaled-FTAP (older subjects); unpaired student’s f-test.
"P <1 x 107° with respect to unscaled-FTAP (older subjects); Bartlett’s test of equality of variance.

observed during the cognitive task. This result indicates
that vascular components in the motor cortical regions are
altered more with age than the vascular components in
those cortical regions involved by the cognitive task. Indi-
rect clues to the extent of neural variability were obtained
in the comparative studies of these two cortical systems.
Assuming that the total BOLD variability is the sum of
neural and vascular variability, the residual variability af-
ter scaling is predominantly neural. As can be observed in
Tables III and IV, the CViy, after hemodynamic scaling
was larger during the cognitive compared with the motor
task. This result indicates that cortical regions affected by

the cognitive task had more neural variability than the
motor cortical regions during the motor task performance.

RSFA scaling reduced the skew of the BOLD amplitude
distribution, known to be predominantly vascular in origin
[Biswal et al., 2007]. One concern could be that such scal-
ing might also be attenuating the BOLD responses, which
are neural in origin. With the vascular component pre-
dominantly leading to the skew, and in light of the global
BOLD amplitudes assessed, it must be noted that residual
skew could also result from varying BOLD amplitudes of
neural origin in different brain regions or (as can be seen
in Fig. 6) different subjects. RSFA and BH scaling reduced

TABLE IV. BOLD signal amplitude change in old subjects to a cognitive task (DSST) and their values after
hemodynamic scaling with RSFA or BH

Younger Older

Subject (old) Unscaled Scaled_RSFA Scaled_BH Unscaled Scaled_RSFA Scaled_BH
1 3.56 NA 0.84 7.01 NA 1.16

2 3.78 1.00 0.75 591 1.45 1.25

3 4.96 1.00 0.63 2.79 1.24 0.80

4 3.12 1.13 0.66 2.86 1.05 0.70

5 3.16 1.86 1.15 5.12 1.45 147

6 4.48 142 1.26 412 1.75 1.24

7 3.12 1.13 1.16 2.9 0.90 0.51

8 3.75 1.00 0.76 3.83 1.33 0.89

9 3.42 1.33 0.91 3.77 1.53 0.81

10 6.81 1.59 1.25 3.22 1.8 0.79

11 4.00 0.83 0.75 4.44 1.01 1.00

12 3.12 1.13 0.80 417 1.04 1.00
Mean + SD 3.94 +£1.10 1.22 £ 0.30 0.91 £+ 0.23* 418 + 1.30 1.32 + 0.30 0.97 4+ 0.27**
CVinter 0.28 0.25 0.25 0.31 0.23 0.28

*Significantly different P < 0.01 compared with scaled_RSFA (younger subjects); unpaired student’s t-test.
Significantly different P < 0.01 compared with scaled_RSFA (older subjects); unpaired student’s t-test.
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Figure 7.

Axial view of the group activation maps representing the per-
cent change in BOLD signal from the prestimulus baseline in the
younger (A-C) and older subjects (D-F) during the motor
task performance. A and D represents activation before hemo-
dynamic scaling. B and E represents activation after hemody-
namic scaling with RSFA and C and F represents activation after

the skew in the BOLD distributions to equivalent exten-
ts.This result suggests that RSFA E(1) captures vascular con-
tributions to BOLD as well as BH. However, RSFA scaling
attenuated the task-induced BOLD response significantly less
than BH during the motor and cognitive tasks in both
groups (Tables III and IV; unpaired student’s t-test
p<0.01). Relatively greater sparing of task-induced BOLD
response with RSFA compared with BH may indicate
reduced attenuation of genuine neural activity related
BOLD changes. Subject compliance with BH instructions
could adversely affect the accuracy of vascular estimation
if it led to individual differences in true vascular perturba-
tion. Fortunately, in the present study, the mean BH
response (from the whole brain) in both younger and older

hemodynamic scaling with BH. Group activation maps were gen-
erated using the 99th percentile threshold value (P < 0.001;
uncorrected) of the averaged null distribution of BOLD percent
change values when no stimulus was present. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

groups did not show any significant difference (data not
shown). As far as we know, factors such as breathing rate,
depth or volume, (which may have differed in the elderly)
did not seem to significantly influence the BH response
amplitude and thus the BH scaling factor in our sample.
Comparison of inter- and intra-subject variability indi-
cated that, whereas inter-subject variability was signifi-
cantly larger in the older group than the younger group,
intra-subject variability (as measured by CViny,) was sig-
nificantly smaller in the older group. Spatially more vari-
able BOLD signal change in younger compared with older
subjects may be a result of well-preserved diversity of vas-
cular reactivity in younger brains when compared with
older brains. Scaling reduced the intra-subject variability
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Figure 8.

Axial view of the group activation maps representing the per-
cent change in BOLD signal from the pre-stimulus baseline in
younger (A-C) and older subjects (D-F) during the cognitive
task performance. A and D represents activation before hemo-
dynamic scaling. B and E represents activation after hemody-
namic scaling with RSFA and C and F represents activation after

(CVintra) in the younger and older groups during both the
motor and cognitive tasks. The CVj,, was significantly
smaller in the older subject group during the motor and
cognitive tasks. The CV, reduced to similar levels of
0.3 in both groups (Fig. 5). Thus relatively more diverse
vascular reactivity may have led to greater spatial vari-
ability of task-induced BOLD signal response, in the
younger subjects. Scaling mitigated this vascular reactivity
spread in the younger to match with that of the older
subject group.

RSFA scaling, based on division in the present study,
consistently reduced inter-subject BOLD variation. The

hemodynamic scaling with BH. Group activation maps were gen-
erated using the 99th percentile threshold value (P < 0.001;
uncorrected) of the averaged null distribution of BOLD percent
change values when no stimulus was present. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

motor task results in the present study also showed a min-
imal decrease in CVjpr in the younger and a larger
decrease in the older subjects. A similar reduction in inter-
subject BOLD variation has been shown in younger sub-
jects performing a cognitive task [Thomason et al., 2007]
and a motor task [Kannurpatti and Biswal, 2008]. These
results are in contrast to those observed in a couple of
studies from other groups where an increase in inter-sub-
ject BOLD variation has been observed after scaling by di-
vision (i.e., Cohen et al., 2004; Liau and Liu, 2009]. The
increase in the inter-subject BOLD variation can be due to
the different methods used to induce hypercapnia. For
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example, both studies that show an increase in inter-sub-
ject variability, [i.e., Cohen et al., 2004; Liau and Liu, 2009]
used 5% CO, inhalation for an extended period of time (3
min) as the hypercapnia task. In our earlier study [Biswal
et al., 2007], we compared a brief period of 5% CO, inhala-
tion to a 20 sec BH paradigm. Inhalation of 5% CO,
through a breathing mask for the duration of 20 sec was suf-
ficient to induce BOLD amplitude change equivalent to a
20 sec BH task. Hence in the above studies wherein
increased inter-subject variability was observed, hypercap-
nia induced by 3 min breathing of 5% CO; induced large
increases in BOLD amplitudes [almost 16%-100% in Liau
and Liu, 2009], that they may not efficiently scale by divi-
sion. However, Liau and Liu [2009] compared hypercapnic
scaling by division and covariate analysis. They observed
a decrease in inter-subject BOLD variation when the
hypercapnic response was treated as a covariate. However,
scaling using the hypercapnic response as a covariate is
affected by a bias originating from a finite intercept value
in the regression of task-induced BOLD responses and
hypercapnia induced BOLD responses and can be used only
during analysis on a subject level. Accordingly, significant
reduction of inter-subject BOLD variation after scaling by
division, in the present study, maybe attributed to the rela-
tively minimal nature of the BOLD response amplitude
change induced by BH and the resting state.

Older subjects, despite having a significantly smaller
intra-subject BOLD signal variability compared with
younger, showed significantly greater inter-subject variabili-
ty. This result replicates earlier results [D’Esposito et al.,
1999] and indicates that baseline physiological levels may
vary more among older subjects leading to greater task-
induced BOLD signal variability between subjects. Previous
studies have indicated that CBF significantly decreased with
age [Bentourkia et al., 2000; Leenders et al., 1990] and led to
a decreased ‘M’ value as a result of a decrease in the rest-
ing-state CBV and oxygen extraction fraction (OEF) [Ances
et al., 2008]. According to the relationship defined by Egs.
(1) to (3), scaling with RSFA and BH mitigates inter-subject
variability in the BOLD signal response by eliminating the
variability in ‘M’. The larger variability in ‘M’ in the older
subjects indicated by our results may stem from a larger
variability in baseline CBV and hence CBF. Thus in older sub-
ject groups, in addition to decreased mean baseline CBV and CBF
levels, one can expect a larger variation in these physiological pa-
rameters. In a recent study investigating a memory-encoding
task, older subjects demonstrated a relatively higher CBF
change with no significantly different BOLD signal change
when compared with younger [Restom et al., 2007]. The rel-
atively large inter-subject variability in baseline CBF in the
older subjects may have reduced the sensitivity to detect sig-
nificant differences in BOLD signal change as this may have
translated into a large variability in ‘M.

To enable the comparison of regions of significant
BOLD signal change before and after scaling (Figs. 7 and
8), BOLD amplitude change maps were obtained without
prior assumptions regarding the hemodynamic response

function or the equivalence of noise parameters in the
younger and older subject images [Baudewig et al., 2003].
They were based on a statistical threshold obtained from
the respective null distributions of the percent change in
BOLD signal on a subject-wise basis for each experimental
paradigm. The regions of activation obtained using this
statistical method had a strong resemblance to that
obtained using conventional statistical parameteric map-
ping (compare with Figs. 2 and 3). The scaled activation in
the younger group was larger in volume and amplitude
when compared with the older group during the motor
task. These results indicate that neural activity in those
regions, in the older group, were less than that in the
younger group during the motor task. During the cogni-
tive task, scaled regions of activation were spatially differ-
ent from the un-scaled (Fig. 8). From Figure 8F, BH almost
completely attenuated the BOLD response in the visual
areas, which was not the case with RSFA. This result indi-
cates that scaling with RSFA spares neural activity related
BOLD responses relatively more than BH. Activity was also
observed in the parahippocampal gyrus and insula in both hemi-
spheres. This result indicates that these regions maybe vulnera-
ble to inter-subject wvariations and that they may not be
accurately represented in group fMRI maps without accounting
for vascular variability. Chronic insular activation has been
shown to differ between individuals, and has been pro-
posed as an endophenotypic marker of anxiety proneness
[Paulus and Stein, 2006]. However, our data indicate that
significant vascular variability between subjects may also
attenuate insular activation. Parahippocampal gyrus, the sec-
ond vulnerable region to significant vascular variability
between subjects has been implicated in the encoding and
maintenance of working memory [Luck et al., 2009]. How-
ever, in light of recent evidence, the medial temporal lobe,
that includes the parahippocampal gyrus, is being reconsid-
ered from its classical role in maintaining long-term memory
[Squire et al., 2004] to short-term maintenance of bound in-
formation [Jonides et al., 2008; Kumaran et al., 2008]. Thus,
working memory studies in aging populations need to care-
fully consider vascular variability in vulnerable regions such
as the insular cortex and parahippocampal gyrus.

With experimental evidence showing diminished hyper-
capnia-induced BOLD response, indicating compromised
vasoactive capacity in the elderly [Riecker et al., 2003], it
has been argued that age-related changes in the vascula-
ture can lead to age-related differences in BOLD signal
during task-induced neural activation, which may not be
due to true differences in neural computation [Gazzaley
and D’Esposito, 2005]. However, in addition to compro-
mised vasoactive capacity, there is strong evidence to sug-
gest altered brain metabolism with aging. Positron
Emission Tomography (PET), which measures brain me-
tabolism, have indicated decreased glucose metabolism
associated with age [Kalpouzos et al.,, 2009; Salat et al.,
2004]. After accounting for vascular differences, the persis-
tent task-induced differences in BOLD activity between
the older and younger may indicate genuine differences in

¢ 1137 »



¢ Kannurpatti et al. ¢

neural metabolism during the performance of the tasks.
Mitochondrial oxidative function has been implicated in age-
related neurodegenerative diseases through reactive oxygen
species and might have a role in the loss of brain function
with healthy aging [Reddy, 2007]. Mitochondrial oxidative
metabolism is significantly decreased in the neuronal and
altered in the glial compartment in older when compared
with younger [Boumezbeur et al., 2009]. Thus, age-related
decreases in the scaled BOLD responses in the present study,
after accounting for vascular differences, predicted a possible
decrease in neuronal oxidative metabolism coupling blood
flow in the older adults. However, more research is required
to understand the relationship of age-related changes in neu-
ral metabolism on the BOLD response.

In conclusion, hemodynamic scaling with RSFA permit-
ted more accurate assessment of genuine task-related neu-
ral activity differences between younger and older
subjects. The extent of vascular contribution to BOLD sig-
nal variability between subjects depended upon the corti-
cal system involved. The influence of vascular variables
and baseline physiology on BOLD variability between sub-
jects can increase with larger age range and can be suc-
cessfully mitigated by scaling using the resting-state BOLD
fluctuation. BOLD signal change was more spatially vari-
able in the younger when compared with the older, per-
haps due to well-preserved diversity of vascular reactivity
function in the younger brain.
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APPENDIX

A schematic of the estimated parameters described in
the Methods section for the task and resting-state condi-
tions is depicted in Figure Al. With these measured pa-
rameters, the theoretical relationship of BOLD signal
change to its underlying physiological variables CBF and
CMRO,; [Davis et al, 1998, Hoge et al., 1999] can be
defined as:

ABOLDtask _ SDtask
BOLDyest  BOLDjest
CMROZtask b CBFtask »P
M |:1 <CMR02reSt) x <CBFrest) :| (1)

where By, is the BOLD signal change in response to a
task that has substantial changes in neural activity, M is a
constant dependent on the vasomotor properties, o and f
are constants. o = 0.38 for normocapnic conditions [Grubb
et al., 1974], while f can vary between land 2 depending
on the susceptibility and contribution from intra and
extravascular compartments which can vary with the field
strength. A value of f = 1 can be approximated for a field
strength of 3T used in this study [Boxerman et al., 1995;
Buxton, 2002].

Assuming negligible changes in neural activity during

the performance of BH, which implies no change in
CMRO; [Fox and Raichle, 1986], Eq. (1) reduces to:

Btask =

ABOLDgy SDgy CBFpy \* P
Briy = = =M|1-— 2
P8 BOLDyest  BOLDeqt CBFrest @

During the resting state, subjects remained in the scan-
ner with their eyes closed and breathed spontaneously.
This condition can be treated as equivalent to subjects
spontaneously performing the BH task with a short stimu-
lus and interstimulus-interval. For typical human subjects
where breathing ranges between 12 and 16 cycles/min,
the resting-state condition can be treated as the subject
spontaneously performing the BH with a stimulus and
interstimulus-interval time in the range of 2 s each. Thus
the BOLD signal change during the resting state can be
defined by an equation similar to (2) as:

= A *
n _ ABOLD = SD,_,=RSFA
x v
T

— > TIME
= 'y
2 ABOLf =SD,,
[mad

——p» TIME

Figure Al.
Schematic of the temporal structures of the resting state and
task-induced BOLD signals and the representation of the SD for
each case.

ABOLDyest  SDrest ~ RSFA
BOLD,est  BOLDyest  BOLDyegt
CBFrera\* "

=M [1 - (—CBFrest ) } (3)
where B, is analytically equivalent to Bgy. Also CBFgrspa,
which is analytically equivalent to CBFgy, can be defined as
the peak value of the CBF fluctuation during rest. This was
based on the empirical relationship observed between
BOLD and CBF fluctuations measured during physiological
state modulations through controlled hypotension, (which
apparently does not change neural activity), using laser
Doppler flowmetry [Hudetz et al., 1992] and fMRI [Kannur-
patti et al., 2008].

Dividing Eq. (1) by (2) and (1) by (3) provides a measur-
able indicator of cerebral activity, defined as the scaled
BOLD response and is simply the ratio of the SDs during
the task and BH, and task and resting conditions, respec-
tively. The multiplicative constant M, a baseline physiolog-
ical and vasomotive component, is a constant for any

subject during the task activated and BH conditions is
eliminated after scaling by division.

Brest =
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