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Abstract

Mild cognitive impairment (MCI) is considered a prodromal stage of Alzheimer’s disease (AD),
but is also recognized to be a heterogeneous condition. Biomarkers that predict AD progression in
MCI are of clinical significance because they can be used better identify appropriate candidates for
therapeutic intervention studies. It has been hypothesized that, comparing to structural
measurements, functional ones maybe more sensitive to early disease abnormalities and the
sensitivity could be further enhanced when combined with cognitive task, a “brain stress test”. In
this study, we investigated the value of regional cerebral blood flow (CBF), measured by arterial
spin labeled perfusion MRI (ASL MRI) during a memory-encoding task, in predicting the
estimated rate of hippocampal atrophy, an established marker of AD progression. Thirty-one
amnestic MCI patients (20 male and 11 female; age: 70.9 £ 6.5 years, range from 56 to 83 years;
mini mental status examination: 27.8 £ 1.8) and 42 normal control subjects (13 male and 29
female; age: 70.6 + 8.8 years, range from 55 to 88 years; mini mental status examination: 29.1

+ 1.2) were included in this study. We compared the predictive value of CBF during task to CBF
during rest and structural volumetry. Both region-of-interest and voxelwise analyses showed that
baseline CBF measurements during task (strongest effect in fusiform gyrus, region-of-interest
analysis statistics: 7= 0.56, p=0.003), but not resting ASL MRI or structural volumetry, were
correlated with the estimated rate of hippocampal atrophy in amnestic MCI patients. Further,
stepwise linear regression demonstrated that resting ASL MRI and volumetry did not provide
complementary information in prediction. These results support the notion that physiologic
measures during a cognitive challenge may increase the ability to detect subtle functional changes

Corresponding to: Long Xie, Penn Image Computing and Science Laboratory (PICSL), 3700 Hamiton Walk, Richards building gth
floor, Philadelphia, PA 19104, USA, Ixie@seas.upenn.edu.

Conflict of interests:

Dr. Wolk received grants from Eli Lilly/Avid Radiopharmaceuticals, personal fees from Eli Lilly, grants and personal fees from
Merck, grants from Biogen, personal fees from Janssen, and personal fees from GE Healthcare.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xie et al. Page 2

that predict progression. As such, ASL MRI could have important utility in stratifying candidates
for AD treatment trials.
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impairment

1. Introduction

One of the central goals of Alzheimer’s disease (AD) research is the development of
therapeutic interventions to prevent or delay disease progression. Mild cognitive impairment
(MCI) is often the prodromal stage of AD (Jack et al., 2013), and patients with this condition
are commonly targeted for therapeutic intervention studies or clinical trials (Sevigny et al.,
2016). However, MCI is a heterogeneous condition comprised of patients with a variety of
clinical outcomes (Petersen et al., 2001). Cognitive symptoms in a significant proportion of
MCI patients may remain stable for long periods of time, or even improve, and some do not
progress to AD or other forms of dementia when followed longitudinally (Petersen, 2016).
Even amongst those who are destined to develop AD, rates of progression can vary
significantly (Dickerson and Wolk, 2013; Petersen, 2016). While a number of biomarkers
can indicate AD risk or track AD progression, baseline measurements that can identify MCI
patients who are likely to progress within a particular timeframe would be extremely
valuable both for patient selection or stratification in therapeutic trials and clinically as
prognostic indicators.

It has been hypothesized that, subtle synaptic abnormalities may precede neuronal death in
the early stages of AD (Small, 2005). Hence, measurements of brain function may be
particularly sensitive to early effects of disease pathophysiology relative to measures of
brain structure (Wang, 2014). Arterial spin labeled perfusion magnetic resonance imaging
(ASL MRI) can be used to quantify regional cerebral blood flow (CBF), which is thought to
be tightly coupled to brain metabolism, that, in turn, is linked to synaptic activity (Raichle,
1998).

The first aim of the current study is to explore the value of ASL MRI in predicting disease
progression in the prodromal stage of AD. In recent years, ASL MRI has been increasingly
studied in the context of AD (Alsop et al., 2000; Dai et al., 2009; Chen et al., 2011b; Wang
etal., 2013; Wolk and Detre, 2012), including work suggesting that alterations of perfusion
may precede that of other functional, structural, and molecular biomarkers (Iturria-Medina et
al., 2016). A number of studies have supported its potential utility in detecting abnormalities
at prodromal and even preclinical disease stages (Binnewijzend et al., 2013; Toma, 2015;
Dolui et al., 2017a; Sierra-Marcos, 2017). However, there is much more limited work in its
ability to predict longitudinal outcomes related to disease progression. So far, only one
longitudinal study of MCI patients has been conducted by Chao and her colleagues (Chao et
al., 2010). They reported that hypoperfusion in right precuneus, inferior parietal, middle
cingulum and middle frontal gyrus were associated with conversion from MCI to AD and
cognitive decline (Chao et al., 2010). However, their implementation of ASL MRI did not
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cover the inferior part of the brain including the medial temporal lobe. Since the medial
temporal lobe cortices and hippocampus are the earliest regions affected by AD
neurofibrillary tangle pathology (Braak and Braak, 1995), baseline perfusion measurements
in those regions could potentially have stronger predictive power of disease progression.

The notion that a task paradigm might serve as a “brain stress test” to enhance the sensitivity
of functional measurements to early abnormalities has been widely explored in AD using
task-related blood oxygen level dependent functional magnetic resonance imaging (BOLD
fMRI). Although numerous BOLD fMRI studies have demonstrated task activation
differences between AD, MCI and controls, only a few have assessed the utility of BOLD
fMRI task activation in predicting longitudinal outcomes related to disease progression in
MCI patients. To the best of our knowledge, only six have reported that baseline fMRI
activation is predictive of cognitive decline in MCI (Miller et al., 2007; Petrella et al., 2007;
Vannini et al., 2007; O’Brien et al., 2010; Kochan et al., 2011; Huijbers et al., 2015).
Although BOLD fMRI provides a powerful approach for mapping brain function, a
limitation of BOLD fMRI is that brain activity is measured indirectly through the effects of
regional deoxyhemoglobin changes on regional magnetic susceptibility, precluding absolute
quantification of either resting regional brain activity or changes in regional brain activity in
response to a task. In contrast, ASL MRI allows quantification of brain activity in both
resting and task states, as manifested in regional CBF.

The second aim of the current study is to determine the relative predictive power of resting
versus task-enhanced ASL MRI. Xu et al. were the first to assess the effects of task
activation using a memory-encoding paradigm on CBF in amnestic MCI patients (Xu et al.,
2007). They confirmed decrements in resting perfusion, but even greater relative
hypoperfusion during task for MCI relative to control subjects. We similarly demonstrated
that ASL MRI acquired during the performance of a relatively short (~6 min) visual scene-
encoding task displayed stronger discrimination of amnestic MCI (a-MCI) patients from
cognitively normal adults than CBF obtained at rest, and provided complementary prediction
to traditional structural MRI measures (i.e. hippocampal volume) (Xie et al., 2016).
Hippocampal volume is the most well-studied neuroimaging AD biomarker and longitudinal
volume change in this structure has been shown to be associated with AD progression in a
number of studies (Chételat et al., 2005; Eckerstrém et al., 2008; den Heijer et al., 2010;
Leung et al., 2013).

To summarize, the objectives of the current study were twofold. First, we compared the
predictive power for evidence of progressive neurodegeneration (i.e. hippocampal volume
change) of CBF measurements to other commonly used structural biomarkers derived from
volumetric MRI. Second, we wanted to determine the relative value of regional CBF,
measured by ASL MRI both during performance of a visual scene memory-encoding task
and at rest in predicting hippocampal volume change. In order to achieve this, correlation
analyses were performed between estimated hippocampal atrophy rate with structural
measurements and CBF measurements during task/rest in a priori selected regions-of-
interest that have previously been associated with MCI and early AD. Voxelwise correlation
analyses were also performed to explore further brain areas in which baseline measurements
show significant predictive power. In addition to validating regional CBF as a predictor of

Hippocampus. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xie et al. Page 4

neurodegeneration in AD, these analyses provide insight into the relationship between
baseline brain function and structural changes.

2. Materials and methods

2.1. Participants

Thirty-one a-MCI patients and 42 normal control (NC) subjects were recruited from the
Penn Memory Center with a baseline and at least one follow-up visit. The a-MCI patients
were recruited from a clinical sample, while the NCs were recruited from the community. A
number of standardized psychometric assessments (items listed in Table 1) were performed
as part of the evaluation at both time points. Clinical diagnosis of a-MCI was determined in
a consensus conference attended by neurologists, psychiatrists, geriatricians, and
neuropsychologists and followed the criteria outlined by Petersen and others (Petersen,
2004; Winblad et al., 2004; Petersen et al., 2009). Exclusion criteria include history of
clinical stroke, significant traumatic brain injury, alcohol or drug abuse/dependence, or any
other medical or psychiatric condition thought to significantly impact cognition. The study
was approved by the Institutional Review Board of the University of Pennsylvania.

2.2 MRI acquisition

A 3T Siemens Trio MRI scanner (Erlangen, Germany), with either a product 8-channel or
32-channel array coil, was used to acquire structural images [three-dimension
magnetization-prepared rapid gradient-echo (MPRAGE) (Mugler and Brookeman, 1990),
inversion time/echo time/repetition time = 950ms/3ms/1620ms] and ASL MRI scans
[pseudo-continuous ASL (pCASL) (Wu et al., 2007; Dai et al., 2008) acquired using two-
dimension gradient-echo echo planar imaging (GR-EPI), repetition time/echo time/flip angle
= 4s/19ms/90°, 6mm slice thickness, 1.2mm inter-slice gap, 16 slices acquired in ascending
order, 3.5x3.5mm? in-plane resolution, 1.5s labeling duration, 1.5s post-labeling delay] at
the baseline time point. Two perfusion scan sessions (about 6 min each) were performed
while the subject was at ‘rest’ and performing a visual scene-encoding memory task (detail
in Section 2.3). Due to technical or logistical issues, baseline “task™ scans from 4 subjects (3
NC, 1 a-MCI) were not obtained. In the follow-up time point, clinical assessment and the
MRI protocol were repeated.

2.3 Visual scene-encoding memory task

The visual scene-encoding memory task was described in prior studies (Fernandez-Seara et
al., 2007; Mechanic-Hamilton et al., 2009; Xie et al., 2016) and is summarized in brief in the
following. Before the perfusion scan session, subjects were instructed to remember 72
complex real-world scenes selected from Photodisc photographic archive (Photodisc, Inc.,
Seattle, WA, USA). During the session (6 minutes), the 72 images were divided in three
blocks (“task’ blocks of 24 images) with each image presented for 3500ms with a 500ms
interstimulus interval. Three short ‘rest’ blocks were interposed between ‘task’ blocks, in
which 6 pixelated, unrecognizable images with randomly positioned shaded ‘X’ or ‘T’ were
shown and presented with a 500ms interstimulus interval. To ensure the focus of the subject
and to enhance ‘deep’ semantic encoding, subjects needed to make a subjective judgment
about the meaningfulness of the images during ‘task’ blocks and identify the letter *X’/’T’
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during ‘rest’ blocks by button press. Immediately after the scanning session, a recognition
memory test was performed. Participants were instructed to identify the studied images from
40 images (20 studied, 20 unstudied). An outcome measure, d-prime (d’), was computed in a
standard fashion based on signal detection theory (Snodgrass and Corwin, 1988).

2.4 Neuroimaging data processing

2.4.1 Quantification of structural and functional measurements at baseline

Normalized hippocampal volume estimation: Each subject’s bilateral hippocampi were
automatically segmented from the baseline anatomical MRI scan using a multi-atlas label
fusion technique described in (Wang et al., 2012). The average bilateral hippocampal
volume was then computed and normalized by intracranial volume [ICV, computed from the
brain mask generated from FSL Brain Extraction Tool (BET) (Smith, 2002)] using equation

Q.

Whole_Cohort_Mean_ICV

Subject ICV X Subject_HippoVolume (1)

Normalized_HippoVolume =

Cortical thickness estimation: he cortical thickness analysis pipeline (Das et al., 2009)
available in Advanced Normalization Tools (ANTS, http://stnava.github.io/ANTSs) was
applied to the baseline anatomical MRI scans. It outputs a voxel-wise cortical thickness map
for each subject.

Cerebral blood flow quantification: CBF maps were quantified from ASL MRI scans
using Statistical Parametric Mapping 8 (SPM 8, Wellcome Department of Cognitive
Neurology, UK), ASLtbx (a SPM add-on toolbox) (Wang et al., 2008) and Structural
Correlation-based Outlier Rejection (SCORE) denoising algorithm (Dolui et al., 2017b).
Visual inspection was performed to exclude subjects with CBF maps that have extensive
non-physiological negative CBF clusters in gray matter, probably due to motion, other
sources of MRI artifacts or instability of spin labeling. In total, resting CBF maps from 2
subjects (1 NC, 1 a-MCI) and task CBF maps from 4 (3 NC, 1 a-MCI) subjects were
excluded from the study.

2.4.2 Longitudinal hippocampal atrophy rate estimation—Automatic
Longitudinal Hippocampal Atrophy software/package (ALOHA) (Das et al., 2012) was
applied to generate unbiased estimation of hippocampal atrophy rate. The pipeline takes the
structural scans of the two time points and the hippocampal segmentation in the baseline
(generated in Section 2.4.1) as inputs and outputs the longitudinal hippocampal atrophy
estimation [(Volumegypyyp — VOIUMEasjine)l VOIUMEgassjnel- The hippocampal atrophy was
annualized [dividing it by the time difference between the two MRI scans (mean: 1.35

+ 0.33 years)] to compute the estimated rate of hippocampal atrophy. Due to severe MRI
distortion and low signal-to-noise ratio, the atrophy rate measurements of 3 subjects (1 NC,
2 a-MCI) appeared unusable and they were excluded from the study.
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2.5 Longitudinal neuropsychological test data processing

For each neuropsychological test, we first subtract the score at the baseline time point from
that of the followup. The difference was then annualized by dividing it by the time
difference between the dates that the two tests were conducted (mean: 1.37 + 0.40 years). To
maintain consistency for the sign of longitudinal measurements [negative always indicating
a change in a worse direction, e.g. greater estimated rate of hippocampal atrophy or decline
of Mini Mental Status Examination (MMSE) score], we flipped the signs of the Trail A and
Trail B, which are measured as a duration with longer meaning worse performance.

2.6 Statistical analysis

Analysis for demographic and neuropsychological data: To test the difference of
demographic, neuropsychological test results at baseline and their longitudinal change
between a-MCI and NC, contingency XZ test (sex) and independent two-sample t-tests (the
rest of the measures) were performed. The above tests, along with the other statistical
analyses in this paper, are two-sided with significance levels of p= 0.05 unless stated
otherwise.

Region of interest (ROI) analysis: The relationship between neuroimaging-derived
structural and functional measurements and the estimated rate of hippocampal atrophy was
first investigated at a ROI level. The a priori selected ROIs include posterior cingulate cortex
(PCC), precuneus, parahippocampal gyrus and fusiform gyrus derived from the Anatomical
Automatic Labeling (AAL) template (Tzourio-Mazoyer et al., 2002) and the hippocampus
generated in Section 2.3.1. All of these regions have been consistently reported to be
involved in early AD (Petrie et al., 2009; Filippini et al., 2011), are often associated with
memory function, and represent nodes of the default mode network. Moreover, these are
regions that previously displayed sensitivity to task performance and discrimination between
MCI and NC adults (Xie et al., 2016). The mean cortical thickness (for hippocampus ROI,
we used volume), resting CBF and task CBF measurements of each ROl were derived by
averaging values within gray matter voxels in that ROI. Bilateral structural (cortical
thickness/hippocampal volume) and functional (resting and task CBF) measurements of each
ROI were averaged. In addition, to investigate potential global effects, the mean structural
and functional measurements in all cortical gray matter were also extracted. Partial
correlation analyses, controlling for age, were performed between the estimated rate of
hippocampal atrophy and each of the above neuroimaging-derived ROl measurement at
baseline for the a-MCI and NC subjects separately. For the whole cohort, sex was included
as an additional covariate due to the unmatched sex ratio between a-MCl and NC.
Bonferroni correction was used to correct for multiple comparisons. To further investigate
whether the different measurements provide complementary information in predicting the
estimated rate of hippocampal atrophy, we performed a two-step, hierarchical linear
regression with age (for a-MCI and NC, sex was included as an additional covariate for the
whole cohort) entered in the first step and then task CBF, resting CBF and structural
measurements included in the second step in a step-wise manner. In this analysis, only
subjects with all the measurements available were included in the model. In addition, similar
analyses were also performed with longitudinal rate of MMSE change as the dependent
variable.
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Voxel-wise analysis: In addition to ROl analysis, we also performed voxel-wise analyses
to further explore the regions in the brain that predict the estimated hippocampal atrophy
rate. The resting CBF maps, task CBF maps and the voxelwise cortical thickness maps were
normalized to the Montreal Neurological Institute (MNI) template space (template
resolution: 1.0x1.0x1.0 mm3 for thickness maps, 2.0x2.0x2.0 mm3 for CBF maps). These
normalized maps were entered into a whole brain voxel-wise general linear modal with
hippocampal volume change as the dependent variable, resting/task CBF or cortical
thickness at each gray matter voxel as independent variable and age as covariate (for a-MCI
and NC, sex was included as an additional covariate for the whole cohort). The raw maps of
t-statistic were enhanced by threshold-free cluster enhancement (TFCE) (Smith and Nichols,
2009) available in the FSL “randomise” package (Winkler et al., 2014). Permutation testing
with 5,000 iterations were used to convert the TFCE-enhanced statistical maps to voxel-wise
corrected p-values [using family-wise error rate (FWE) correction (Nichols and Hayasaka,
2003)]. A significant level of corrected p = 0.05, cluster volume of 160 mm?3 (corresponds to
160 voxels and 20 voxels for thickness and CBF maps respectively), were used to identify
areas with significant prediction. In addition, we also reported maps using a liberal threshold
of uncorrected p= 0.01 and cluster volume of 160 mm?3 in Supplementary Figure S1. The
voxel-wise analyses were performed in the whole cohort and within the a-MCI and NC
groups separately.

3. Results

3.1

Psychometric and demographic at baseline

Table 1 shows the baseline demographic and psychometric data for the a-MCIl and NC
groups. There are no significant differences in age and education between the two groups,
but the proportion of male participants is significantly higher in a-MCI group (le =8.1,p=
0.004). As expected, the a-MCI group’s MMSE score is significantly lower than NC (&4 =
3.7, p<0.001). The a-MCI group also performs significantly poorer in a number of
psychometric tests, particularly memory tasks, consistent with their amnestic status. We also
observed significant difference in recognition memory on the test phase of the scene-
encoding task (d’; fsp= 4.3, p< 0.001). Nonetheless, the memory discrimination of the a-
MCI group is far from floor suggesting that they were able to perform the task and displayed
reasonable effort.

3.2 Longitudinal changes of neuropsychological data and the estimated rate of
hippocampal atrophy

As shown in Table 2, the estimated rate of hippocampal atrophy was significantly lower in
NC (-0.80 £ 1.0 %/year) compared to a-MCI (-1.68 + 1.1 %l/year, fg = 3.5, p<0.001).
This result is consistent with the a-MCI group being enriched in individuals with prodromal
AD. However, no psychometric longitudinal measure was significantly different between the
two groups, likely due to the mildness of impairment and heterogeneity in underlying
etiology, as well as confounds in these longitudinal measures due to practice effects,
regression to the mean, and intra-individual variability across test sessions.

Hippocampus. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xie et al. Page 8

3.3 ROI correlation analyses

Table 3 shows the results of partial correlation analyses for the resting CBF, task CBF and
structural measurements with the estimated rate of hippocampal atrophy in the whole cohort,
a-MCI and NC separately. Across the whole cohort, only task CBF in hippocampus (7=
0.36, p=0.005) and none of the resting CBF or structural measurements was significantly
correlated with the estimated rate of hippocampal atrophy. A similar result was observed in
the a-MCI group alone. Only task CBF in fusiform gyrus demonstrated significant
correlation (r=0.56, p=0.003). The effect of total gray matter CBF during task showed a
trend in both the whole cohort (7= 0.26, p= 0.045) and a-MCI group (r= 0.49, p=0.012),
as did fusiform (r=0.31, p=0.018) and parahippocampal gyrus (r=0.30, p=0.021) in the
whole cohort, but these did not meet significance when correcting for multiple comparisons.
None of the resting CBF or structural measurements was significantly associated with the
estimated rate of hippocampal atrophy although there were uncorrected trends in
hippocampus (7= 0.24, p=0.048) and parahippocampal gyrus (r= 0.24, p= 0.045) for
structural measurements in the whole cohort. Figure 1(A) and (B) show the scatter plots of
the estimated annualized hippocampal atrophy rate and the most predictive ROl measures in
a-MCI (fusiform gyrus task CBF) groups and the whole cohort (hippocampal task CBF),
respectively. No significant correlation was observed in the NC group. Limiting this analysis
to only subjects with all three kinds of measurements available yielded similar results.

The two-step, hierarchical linear regression result showed that only the task CBF in fusiform
gyrus [8=0.081 (95% confidence interval: 0.030, 0.133), p= 0.004] and the task CBF in
hippocampus [8 = 0.042 (95% confidence interval: 0.013, 0.070), p = 0.005] were included
in the most predictive models of the a-MCI group (N = 26, F »3=5.3, p=0.013) and the
whole cohort (N = 61, F357= 7.2, p<0.001) respectively. None of the resting CBF or
structural measurements provided complementary information to the prediction. When using
rate of MMSE change as dependent variable, none of the measures was found to
demonstrate significant correlation.

3.4 Voxel-wise correlation analyses

To further explore brain areas in which baseline CBF is predictive of the estimated
hippocampal atrophy rate, voxel-wise correlation analyses were performed for resting, task
CBF and cortical thickness. The results, shown in Figure 2, are consistent with the ROI
analysis. CBF measurements during the scene-encoding task demonstrated significant
correlation after correction for multiple comparisons in a-MCI (Figure 2-Al) and the whole
cohort (Figure 2-A2), with effect in left fusiform gyrus being significant in both analyses.
Using a liberal threshold of uncorrected p < 0.01 (Figure 2B), we observed consistent
significant effects along the visual pathway, i.e. hippocampus, parahippocampal gyrus,
fusiform gyrus, occipital lobe in both a-MCI and the whole cohort. When just examining the
NC subjects, only resting CBF in frontal lobe demonstrated significant correlation (Figure 2-
AZ3). Structural measurements (i.e. cortical thickness), did not demonstrate any significant
correlation in all the three groups (a-MCI, NC or the whole cohort).
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4. Discussion

4.1 Task ASL MRI is most sensitive to hippocampal neurodegeneration
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Among MRI derived measurements of structure and function, task ASL MRI provided the
strongest prediction for the estimated rate of hippocampal atrophy among a-MCI patients, as
well as across the entire cohort. This was observed in both the ROI (Table 3) and the voxel-
wise analyses (Figure 2). In all cases, measurement of CBF during rest and structural
measures provided no prediction in these groups. The value of a task measure for prediction
in the current study is consistent with our prior work (Xie et al., 2016), in which we reported
that task ASL MRI provides better discrimination of a-MCI patients relative to NC
compared to resting ASL MRI in a cross-sectional analysis. We argued previously that this is
because the visual scene-encoding memory task operates as a “brain stress test” that
enhances group differences. The current results extend this finding by suggesting that this
type of functional measure is also sensitive to those individuals most likely to display greater
future neurodegeneration. Moreover, the use of a memory-encoding task appeared to
accentuate this prediction relative to obtaining CBF measurements during rest or using
structural measures of neurodegeneration. Our findings suggest that in prodromal stages of
AD, resting states may not fully capture synaptic or other functional alterations associated
with early AD pathology.

From the voxelwise analysis, we can see that the strongest effects localize to the
hippocampus, parahippocampal gyrus, fusiform gyrus, and beyond to primary visual
association areas (Figure 2-B). This most likely reflects the use of a visually-based scene-
encoding task. Prior longitudinal fMRI studies, which reported activations more isolated to
the hippocampus proper (Miller et al., 2007; O’Brien et al., 2010; Huijbers et al., 2015) or
parietal lobe (Petrella et al., 2007; Vannini et al., 2007; Kochan et al., 2011), demonstrated a
similar property of selectivity. The ability to target specific region of the brain could be a
potential important strength of incorporating task with MRI. While the visual scene
encoding task appears to be robust and effective in eliciting functional deficits in MCI
patients, future work should examine other types of task paradigms.

An interesting observation is that total gray matter CBF during task was also associated with
the estimated rate of hippocampal atrophy in a-MCI patients (= 0.49, p=0.012) and the
whole cohort (r = 0.26, p=0.045) at a trend level. The relationship between total gray
matter CBF measured with ASL MRI and evidence of neurodegeneration has not been
previously investigated. This finding may indicate that the visual scene memory-encoding
task not only alters CBF in memory-related regions, but also has global effects that are
linked to future neurodegeneration in the hippocampus, a central node of the memory
network. Since CBF in total gray matter can be quantified with greater precision than CBF
within smaller ROI (Chen et al., 2011a), it may be worth examining this measure in future
work assessing the predictive value of task activated CBF in a-MCI.

4.2 Functional abnormality may precede macroscopic structural atrophy

As shown in Section 3.3, only task ASL MRI measurements were included in the most
predictive model for neurodegeneration, indicating that structural measurements did not
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provide complementary information in prediction of future hippocampal atrophy. This
supports the notion that functional abnormalities may precede structural atrophy in early
stages of the disease. The extent of this functional abnormality appears not be as easily
detected in the “resting” state as compared to a task condition involving episodic memory,
the cognitive domain most likely to be affected in early disease. It is also notable that the
present finding is conceptually similar to recent work suggesting that perfusion
abnormalities may precede the entire biomarker cascade of AD (Iturria-Medina et al., 2016).

However, the current finding does appear to differ with the results reported in the only other
longitudinal ASL study in this population by Chao et al. (Chao et al., 2010). They reported
that resting CBF in right precuneus, inferior parietal, middle cingulum and middle frontal
were associated with conversion from MCI to AD and structural measurement (i.e.
hippocampal volume) provided complementary prediction. The apparent contradictory
results could be due to the relative short time interval between the two time points in this
study (1.35 + 0.33 years in this study versus 2.7 £ 1.0 years in (Chao et al., 2010)).
Prediction of change over this relatively short interval may limit the sensitivity of resting
ASL or volumetric MRI. Also, the discrepancy could be caused by the difference in outcome
measures of the two studies, i.e. a clinical outcome vs. hippocampal neurodegeneration.

Limitations and future work

Several limitations of the current study need to be addressed in future work. First, the
follow-up time in the current analysis was relatively short and not long enough to observe
strong clinical outcomes. Indeed, we did not observe that any of the imaging measures
predicted MMSE change and that cognitive changes between a-MCI and NC adults were not
obvious over the follow-up period. Longer follow-up to clinical outcomes will be important
in determining the degree to which task ASL MRI allows for identification of clinically
meaningful outcomes. That said, the ability to predict the estimated rate of
neurodegeneration is of potential significant utility in earlier phase clinical trials to enrich
cohorts and allow for reasonably powered proof-of-concept interventions in smaller cohorts.
Second, the sample size is also relatively modest and a larger cohort will be needed to
validate these findings. Third, while the estimated hippocampal atrophy rate was used as a
surrogate of AD neurodegeneration and progression, it is a relatively non-specific measure
and other processes may influence it, such as presence of cerebrovascular disease or other
neurodegenerative processes. Future work will need to obtain information about the
molecular pathology (e.g. amyloid PET) to determine the specificity of the CBF effects to
AD pathophysiology. Fourth, the interaction with other risk factors, e.g. cerebrovascular
disease and so on, were not investigated in this study and is important to include in future
studies of these populations, particularly when considering CBF measurements. Fifth, the a-
MCI and NC subjects were sampled from different populations (clinical vs. non-clinical
research cohorts), which may potentially confound the results of the current study. However,
since we did not directly compare a-MCI with NC, this is less likely to be a significant
concern. Finally, using improved ASL MRI methodology (Vidorreta et al., 2017) in future
work should further increase it’s sensitivity and reliability as a biomarker of regional brain
function.
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5. Conclusions

We demonstrated that regional CBF measured using ASL MRI during a visual scene
memory-encoding task predicts neurodegeneration likely due to AD. In comparison, ASL
CBF acquired during rest displayed weaker association with the estimated hippocampal
atrophy rate, supporting the notion that a cognitive challenge may accentuate functional
abnormalities consistent with prior cross-sectional studies (Xu et al., 2007; Xie et al., 2016).
Further, the finding that structural MR measurements did not show strong correlation with
evidence of greater neurodegeneration in a-MCI patients nor provide complementary
information in prediction supports the hypothesis that functional abnormalities may precede
or exceed the degree of structural atrophy in early disease stages. ASL MRI could have
important utility in identifying candidates for AD treatment clinical trials likely to display
significant progression.
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Figure 1.

Scatter plots of the most predictive ROl measures of rate hippocampal atrophy in (A) a-MCl
[scene-encoding task CBF (task CBF) in fusiform gyrus] and (B) the whole cohort (task
CBF in hippocampus). All measurements are adjusted for age in both plots and sex is an
additional covariate for result of the whole cohort in (B). CBF = cerebral blood flow. a-MCI
= amnestic mild cognitive impairment. NC = normal control.
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A. Voxelwise correlation results after corrected for multiple comparisons
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B. Voxelwise correlation results using a liberal threshold of p < 0.01
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Figure 2.
Voxel-wise correlation between scene-encoding task CBF (task CBF), resting CBF or

structural measurements with the estimated rate of hippocampal atrophy, controlling for age
(for a-MCI and NC, sex is included as an additional covariate for the whole cohort). The
analyses were performed in a-MCI, normal controls and the whole cohort separately. A
threshold of family-wise error rate (FWE) corrected p < 0.05 and cluster volume of 160
mm?3 (corresponds to 160 voxels and 20 voxels in thickness and CBF maps respectively)
were used. Significant effect (shown in the first row) was only observed in resting CBF in
normal controls (A3) and task CBF in a-MCI (A1) as well as the whole cohort (A2).
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Structural measurements, i.e. cortical thickness, did not demonstrate any significant
correlation in all the three groups (a-MCI, NC or the whole cohort). In addition, the second
row (B) shows the results using a liberal threshold of uncorrected p < 0.01. Results of the
other measurements using a liberal threshold of uncorrected p < 0.01 are shown in
Supplementary Figure S1. The effects were shown in 3D glass brain generated using
MRIcroGL (top, www.mccauslandcenter.sc.edu/mricrogl) and selected slices (bottom). CBF
= cerebral blood flow. TFCE = threshold-free cluster enhancement.
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Table 1.
Demographic and neuropsychological data
a-MCl (n=31) NC (n=42)

Mean (STD) Range Mean (STD) Range
Age (years old) 70.9 (6.5) 56 to 83 70.6 (8.8) 55 to 88
Education (years) 16.5(2.7) 9to 20 16.3(3.1) 9to 20
Female : Male 11:207° - 29:13 -
MMSE 27.877(1.8) 2410 30 29.1(1.2) 25t0 30
Trails A (seconds) 375 *(14_5) 19 to 69 30.9 (9.8) 18 to 65
Trails B (seconds) 112.37%(61.9) 4110300  75.4(28.9) 3810 161
Digits Forwards Max ? 6.6 (1.2) 4108 7.0 (1.0) 5t08
Digits Backwards Max ¢ 49(1.2) 3t07 5.1(13) 3to7
10-item Word List Immediate Recall  17.8™*(4.3) 81030 23.5(3.8) 16 to 30
10-item Word List Delayed Recall 367 (2.0) O0to8 8.0 (2.0 0to 10
Category Fluency (animals) 17.6 ™7 (4.1) 11t0 26 22.0 (5.7) 10 to 31
30-item Boston Naming Test Total 26.8 *(4.0) 19t0 30 28.6 (1.9) 221030
Scene Recognition Memory (') 2 1.577(09) 05129 23(06) 101034

Note: Standard deviations (STD) are in parentheses.

*

=p <0.05,

Hok

=p<0.01,

Page 18

compared to the normal controls, tested by contingency XZ test (sex) and independent two-sample t-test (the other items). a-MCI = amnestic mild
cognitive impairment. NC = normal control. MMSE = mini mental status examination.

a . . . . .
2 a-MClI patients did not have Digits Forwards and Digits Backwards data available.

bG a-MCI patients and 5 NC subjects did not have Scene Recognition Memory data available.
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Table 2.

Longitudinal changes of neuropsychological data and estimated hippocampal atrophy rate

aMCI (n=31) NC (n=42)
Mean (STD) Range Mean (STD) Range
MMSE (/year) -053(L8) -2.8t06.0 -010(13) -49t019
Trails A (secondsfyear) @ 023(130)  -145t0541  -0.03(81)  -2221036.9
Trails B (seconds/year) a 7.66 (58.0) -141.6t0205.0 3.15(22.5) -48.3t070.1
Digits Forwards Max (/year) © -001(08)  -23t0l3 -001(08) -20t0l6
Digits Backwards Max (/year) b -1.1(1.0) -2.61t02.3 0.08 (0.9) -2.6t01.8
10-item Word List Immediate Recall (year) © -0.72(4.7) -11.3109.6 0.03 (2.8) -9.2106.1
10-item Word List Delayed Recall (/year) © 0.61(2.4) -4.5t04.2 -028(20)  -9.2t05.6
Category Fluency (animals) (/year) ¢ -0.93 (4.0) -8.4t010.2 0.57 (2.9) -52t07.3
30-item Boston Naming Test Total (/year) © -0.16 (2.3) 551063 0.16 (1.2) -251038
Estimated Rate of Hippocampal Atrophy (%/year) ¢ -1.68**(11) -3.8100.1 -0.80(1.0) -42t0l5

Note: Negative change indicates the measurement change towards worse condition in the follow-up time point. Standard deviations (STD) are in
parentheses.

*
=p<0.05,

Hok

=p <0.01, compared to the normal controls, tested by independent two-sample t-tests. Only longitudinal hippocampal atrophy rate, and none of
the neuropsychological test result, was significantly different between the two groups. a-MCI = amnestic mild cognitive impairment. NC = normal
control. MMSE = mini mental status examination.

a2 a-MCI patients did not have longitudinal Trails A and Trails B data available. 1 additional NC subjects did not have longitudinal Trails B data
available.

b3 a-MCI patients and 1 NC subject did not have longitudinal Digits Forwards and Digits Backwards data available.
cl a-MCI did not have 10-item Word List Immediate/Delayed Recall, Category Fluency (animals) and 30-item Boston Naming Test data available.

d2 a-MCI patients and 1 NC subject were excluded described in Section 2.4.2.
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Table 3.

Partial correlation between scene-encoding task CBF (task CBF), resting CBF, structural measurements and
estimated rate of hippocampal atrophy in a-MCI (controlling for age), normal controls (controlling for age)
and the whole cohort (controlling for age and sex). For the whole cohort, sex was included as an additional
covariate due to the unmatched sex ratio between a-MCI and normal controls. Significant correlations were
highlighted in bold font and the ones survived Bonferroni correlation (p < 0.05/6) were highlighted by star
signs. 95% confidence intervals were reported in parentheses. Including sex as an additional covariate for
within group analyses (a-MCI and normal controls) did not significantly affect the results, shown in
Supplementary Table S1. When testing on subjects with all the three kinds of measurements available, the

results were similar.

Group ROI Task CBF Resting CBF Structural Measurements
Number of Subjects 27 28 29
r=049(011,073) r=0.12(-0.32,049)  r=0.15(-0.31, 0.54)
Gray Matter p=0.012 0= 0547 0= 0454
) r=0.36 (-0.01,0.60) r=0.10(-0.35,0.37)  r=0.07 (-0.25, 0.41)
Hippocampus p=0.068 p=0.962 p=0.710
pCC r=0.37(-0.03,0.71) r=0.15(-0.35,0.53)  r=0.00 (-0.36, 0.36)
a-MCl p=0.063 p=0.440 p=0.993
r=0.15(-0.35,057) r=0.21(-0.30,0.60)  r=-0.09 (-0.47, 0.41)
RIECURENS 0= 0469 = 0300 0= 0.666
. r=056(0150.77)  r=0.06 (-0.38,0.43)  r=0.11(-0.40, 0.60)
Fusiform Gyrus p= 0.003" p=0.770 p=0584
. r=0.33(-0.07,0.63) r=-0.05(-0.38,0.33) r=0.20 (-0.25, 0.59)
Parahippocampal Gyrus p=0.102 p=0816 p=0.320
Number of Subjects 62 68 70
r=0.26(0.07,044) r=0.15(0.03,0.31) r=0.00 (-0.23, 0.23)
Gray Matter p=0.045 p=0.233 p=0.980
: r=036(015054) r=0.11(-0.11,0.31) r=0.24(0.04, 0.43)
Hippocampus b= 0.005 * p=0.386 p=0.048
pcC r=0.19(0.06,0.39)  r=0.21(0.01, 0.40) r=0.01(-0.21, 0.25)
Whole Cohort p=0.151 p=0.090 p=0.909
r=0.12(-0.09,0.33) r=0.23(0.01, 0.44) r=-0.09 (-0.28, 0.10)
Precuneus p=0348 p=0067 p=0.463
. r=0.31(0.08,051) r=0.11(-0.09,0.29)  r=0.05(-0.20,0.31)
Fusiform Gyrus p=0018 p=0397 p=0679
. r=0.30(0.07,051) r=0.08(-0.13,0.28)  r=0.24(0.01, 0.47)
Parahippocampal Gyrus p=0.021 p=0.542 p=0.045
Number of Subjects 35 40 41
r=0.26(0.02,0.47)  r=0.26(0.01, 0.48) r=-0.31(-0.53, -1.0)
Gray Matter p=0139 p=0103 p=0051
. r=0.33(0.02,058)  r=0.28(-0.03,0.50)  r=0.15 (-0.24, 0.48)
NG Hippocampus p=0057 0= 0.084 0= 0356
pcC r=0.15(-0.16,0.40) r=0.25(-0.05,0.50)  r=-0.10 (-0.38, 0.20)
p=0.390 p=0.118 p=0.545
r=0.17(-0.09,0.40) r=0.27(-0.05,052)  r=-0.12(-0.37,0.11)
Precuneus p=0348 p=0.100 p=0.446
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Xie etal.
Group ROI Task CBF Resting CBF Structural Measurements
: r=0.25(-0.01,0.49) r=0. 22 (0 00, 0.41) r= —O 08 (-0.37,0.20)
Fusiform Gyrus p=0145 p=01 p=0.
: r=0.25(-0.01,0.50) r=0.25 (O 00, 0.46) r=-0. 01 (-0.36, 0.30)
Parahippocampal Gyrus p=0.150 p=0.1 =09

*
Note: = p <0.05,

Aok
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=p < 0.01, indicate significant effects after corrected for multiple comparisons. PCC = posterior cingulate cortex. ROI = region of interest. CBF

= cerebral blood flow. a-MCI = amnestic mild cognitive impairment. NC = normal control.
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