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Bias

Alzheimer's disease

A series of reports have recently appeared using tensor based morphometry statistically-defined regions of
interest, Stat-ROIs, to quantify longitudinal atrophy in structural MRIs from the Alzheimer's Disease
Neuroimaging Initiative (ADNI). This commentary focuses on one of these reports, Hua et al. (2010), but the
issues raised here are relevant to the others as well. Specifically, we point out a temporal pattern of atrophy in
subjects with Alzheimer's disease and mild cognitive impairment whereby the majority of atrophy in two
years occurs within the first 6 months, resulting in overall elevated estimated rates of change. Using publicly-
available ADNI data, this temporal pattern is also found in a group of identically-processed healthy controls,
strongly suggesting that methodological bias is corrupting the measures. The resulting bias seriously impacts
the validity of conclusions reached using these measures; for example, sample size estimates reported by Hua
et al. (2010) may be underestimated by a factor of five to sixteen.

© 2011 Elsevier Inc. All rights reserved.

Commentary

We have read with interest a series of publications using tensor
based morphometry (TBM) measures of longitudinal change estimat-
ed from structural MRI available through the Alzheimer's Disease
Neuroimaging Initiative (ADNI): Hua et al. (2008a,b, 2009, 2010); Ho
et al. (2010); Kohannim et al. (2010); Beckett et al. (2010); among
others. Formed in 2003 by the National Institute on Aging, the
National Institute of Biomedical Imaging and Bioengineering, the Food
and Drug Administration, private pharmaceutical companies, and
nonprofit organizations, ADNI is a multisite initiative that collects
serial magnetic resonance imaging (MRI), genetics, biological mar-
kers, and clinical and neuropsychological assessments to measure the
progression of mild cognitive impairment (MCI) and early Alzhei-
mer's disease (AD). The Principal Investigator of this initiative is
Michael W. Weiner, of the Veterans Administration Medical Center
and University of California-San Francisco.

* Corresponding author. Fax: +1 858 534 7653.

E-mail address: wes.stat@gmail.com (W.K. Thompson).

! Data used in the preparation of this article were obtained from the Alzheimer's
Disease Neuroimaging Initiative (ADNI) database (http://www.loni.ucla.edu/ADNI). As
such, the investigators within the ADNI contributed to the design and implementation
of ADNI and/or provided data but did not participate in analysis or writing of this report.
A complete listing of ADNI investigators is available at http://www.loni.ucla.edu/ADNI/
Data/ADNI_Authorship_List.pdf.
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This commentary focuses on Hua et al. (2010), hereinafter Hua
et al,, but the results we present also impact the validity of conclusions
reached in these other ADNI reports. Specifically, we provide
statistical evidence that longitudinal trajectories of brain atrophy for
AD and MCI subjects, quantified in a statistically-defined template
region, the temporal lobe Stat-ROI, are systematically biased upward
for all follow-up timepoints. We further demonstrate that longitudi-
nal TBM-measures from a healthy control (HC) group, publicly
available at http://www.loni.ucla.edu, provide an important check
on the plausibility of longitudinal trajectories of the TBM-derived
atrophy in AD and MCI subjects.

Though diagnosing the precise source of bias in Hua et al. is beyond
the scope of this commentary, we make some general remarks here as
to how it may have arisen. Bias can enter image-based measurements
of change if there is asymmetry with respect to the images in the
methodology (Christensen, 1999; Ashburner et al., 2000). Though
methods of image registration designed to be unbiased (Leow et al.,
2007; Yanovsky et al., 2009) were employed in Hua et al., asymmetry
in longitudinal registration of subject follow up to baseline scans
cannot be ruled out. Any small bias that may have arisen at this stage
(Yushkevich et al., 2010) might then be amplified by use of the Stat-
ROI, where voxels of highest change are preferentially selected. Bias in
estimates of change is therefore potentially more pronounced in
methods that rely on Stat-ROIs than in methods that use predefined
subject-specific tissue ROIs.
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While we can only speculate on its source, the statistical evidence
for such bias is unequivocal and seriously undermines the validity of
conclusions reached in Hua et al. and in other reports using current
TBM-derived measures of longitudinal brain atrophy, notably Cum-
mings (2010), Jack et al. (2010), and Beckett et al. (2010). In
particular, Hua et al. endeavor to compute sample sizes necessary in a
clinical trial for detecting with 80% and 90% power a 25% reduction in
mean annual rate of various TBM-derived measures of atrophy in AD
and MCI subjects, using rates of atrophy computed as percent change
from baseline at 6, 12, and 24 months for 91 AD subjects and at 6, 12,
18, and 24 months for 189 MCI subjects. We reproduce the results
from this report for the temporal lobe Stat-ROI of AD and MCI subjects
in the left panel of Fig. 1 (data obtained from Hua et al. Fig. 3, p. 68). A
higher mean annual rate of atrophy, but with a fixed variance in the
rate, translates into a smaller sample size needed to detect a 25%
reduction in the rate of atrophy for a given power, as can be seen using
the formula on p. 66 of Hua et al. Based on their estimated mean
annual rates of atrophy in AD and MCI subjects in the ADNI data, Hua
et al. conclude that the Stat-ROI measures provide higher effect sizes
and dramatically lower sample size requirements than the most
commonly-applied clinical measures of cognition and dementia.
Indeed, the Stat-ROI measures appear to be very powerful compared
with all other imaging measures (Cummings, 2010; Beckett et al.,
2010). This result has potentially significant practical implications,
since conclusions reached from ADNI TBM-based Stat-ROI trajectories
may be an influential guide to AD researchers in deciding which
measures to use in clinical trials of treatments and how large of a
sample size to recruit to obtain adequate power. We reproduce the
sample size requirements for 80% and 90% power for TBM-derived
Stat-ROI in Table 1 (data taken from Hua et al. Table 1, p. 68).

Of particular interest is the deceleration of percent decline from
baseline subsequent to the first follow-up scan at 6 months (observable
in the left panel of Fig. 1), implying that the Stat-ROI atrophies rapidly
from baseline to 6 months, but much more slowly thereafter in both AD
and MCI subjects. For example, the mean percent change of the Stat-ROI
from baseline to 6 months in AD subjects is 2.1%, whereas there is only a
1% decline (=3.1%—2.1%) from 6-12 months, and an additional 0.8%
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Fig. 1. Cumulative atrophy for TBM-derived Stat-ROI. Left panel: Mean percent change
in TBM-derived Stat-ROI measures for 91 AD and 189 MCI subjects in ADNI (data taken
from Hua et al. (2010) Fig. 3 p. 68). Right panel: Mean percent change in TBM-derived
Stat-ROI measures for 81 AD, 198 MCI, and 160 HC subjects in ADNI (data publicly-
available at http://www.loni.ucla.edu, current as of May 5, 2010).

Table 1
Sample size estimates for TBM-derived Stat-ROI.
Uncorrected Corrected
AD 6 months n80 80 425
n90 107 569
12 months n80 46 -
n90 62 -
18 months n80 - 175
n90 - 234
24 months n80 39 -
n90 52 -
MCI 6 months n80 106 1698
n90 142 2273
12 months n80 79 883
n90 106 1183
18 months n80 81 381
n90 109 510
24 months n80 67 -
n90 90 -

Uncorrected: Sample size requirements necessary for 80% power (n80) and 90% power
(n90) at 6, 12, and 24 months for AD subjects and 6, 12, 18, and 24 months for MCI subjects
(data taken from Hua et al. (2010) Table 1 p. 68). Corrected: Sample size requirements for
Stat-ROI recalibrated as percent change from 6 months. Note, corrected Stat-ROI at
6 months is computed as Stat-ROI percent change from 0-12 months minus Stat-ROI
percent change from 0-6 months, with standard deviation taken from Stat-ROI percent
change from 0-12 months; corrected Stat-ROI at 18 months is computed as Stat-ROI
percent change from 0-24 months minus Stat-ROI percent change from 0-6 months, with
standard deviation taken from Stat-ROI percent change from 0-24 months, etc. Dashes
indicate time intervals with no data.

decline (=3.9% — 3.1%) from 12-24 months. The effects are similar for
M(CI subjects: while there is a 1.8% decline from 0-6 months in the Stat-
RO], this decelerates with only an additional 0.5% from 6-12 months,
0.3% from 12-18 months, and 0.5% from 18-24 months. The differences
between 0-6 month and subsequent atrophy rates are highly signifi-
cant; using publicly-available ADNI data downloaded on May 5,2010 we
performed paired t-tests for the rate of change per 6 months for
AD subjects (0-6 months vs. 6-12 months: t=5.69, df =80, p<0.0001;
0-6 monthsvs. 12-24 months: t=12.3,df=80, p<0.0001) and for MCI
subjects (0-6 months vs. 6-12 months: t=9.64, df =197, p<0.0001;
0-6 months vs. 12-18 months: t=12.7, df=197, p<0.0001; 0-
6 months vs. 18-24 months: t=11.0, df =197, p<0.0001). We includ-
ed only those subjects who had completed scans at all scheduled time
points, although results change little using the entire available sample.
Also, while the sample used in these calculations differs slightly from
that of Hua et al., the estimated rates of atrophy are very similar (right
panel of Fig. 1).

Thus, more than 50% of the decline in Stat-ROI over a period of
24 months occurs within the first 6 months after baseline in both AD
and MCI groups. It is difficult to ascribe this phenomenon (the rapid
atrophy of Stat-ROI after study entry followed by a sudden
deceleration after 6 months) to the effects of disease processes
alone, since ADNI was an observational rather than a treatment
study and subject baselines do not have an obvious relationship with
rates of atrophy that would apply to either the AD or the MCI groups.
To the contrary, other reports have shown that rates of brain atrophy
tend to accelerate as disease progresses from preclinical to early AD,
e.g., Chan et al. (2003) and McDonald et al. (2009). This suggests the
alternative explanation that the within-subject quantification of
longitudinal Stat-ROI atrophy is over-estimated due to methodolog-
ical bias.

To further explore the possibility of methodological bias, we
computed the mean rates of Stat-ROI atrophy (percent change from
baseline) at 6, 12, and 24 months for a sample of 160 HC subjects
(mean age =76, sd =5 at baseline), from Stat-ROI measures publicly-
available in ADNI's derived-data collection, downloaded on May 5,
2010. These HC Stat-ROI measures, though not reported on by Hua
et al., were produced by the same ADNI researchers using the same
longitudinal registration methods as used to calculate the AD and MCI
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Stat-ROI measures that were analyzed in Hua et al. The resulting
estimates are illustrated in the right panel of Fig. 1. The Stat-ROI
declined 1.7% from baseline to 6 months; from 6-12 months there
was an additional 0.2% decline (=1.9%—1.7%) and from 12-
24 months there was a decline of 0.3% (=2.2%— 1.9%). Thus, over
75% of the reported atrophy for HCs occurred within the first
6 months. Using paired t-tests, the differences in rates per 6 months
in the HC sample are highly significant (0-6 months vs. 6-12 months:
t=8.0, df =159, p<0.0001; 0-6 months vs. 12-24 months: t=13.4,
df=159, p<0.0001). Moreover, using two-sample t-tests with
unequal variances, the rate of change for HC from baseline to
6 months is significantly higher than the rate of change for both AD
and MCI subsequent to 6 months (e.g., HC 0-6 months vs. AD 6-
12 months: t=4.5, df=140, p<0.0001; HC 0-6 months vs. MCI 6-
12 months: t=29.0, df =354, p<0.0001).

HC subjects thus exhibit a high mean rate of Stat-ROI atrophy from
baseline to 6 months, followed by a sharp deceleration of the rate
from 6-24 months, a temporal trajectory quite similar to that of the
AD and MCI subjects, but even more pronounced. This argues strongly
against attributing the estimated Stat-ROI trajectory of atrophy in AD
and MCI solely to disease processes. Rather, the alternative given
previously — that the trajectory of atrophy may partly reflect
systematic bias due to image analysis procedures — a fortiori suggests
itself as an entirely more plausible explanation.

Despite efforts to mitigate it (Yanovsky et al., 2009), such a bias could
result from differential smoothing due to asymmetry in the interpola-
tion of baseline and follow-up images during longitudinal image
registration (Yushkevich et al.,, 2010). If atrophy, measured with respect
to baseline, in longitudinal measures is systematically biased upward
because of the method of registration with baseline scans, this would
result to a first approximation in the same trajectory of atrophy as that
calculated for the AD, MCI, and HC subjects using the Stat-ROIs of Hua et
al. (Yushkevich et al., 2010). Because all of a subject's follow-up images
were registered with his or her baseline image, and the resulting
volume-change field subsequently mapped to an atlas, any systematic
upward bias in estimated rates of atrophy due to asymmetric
registration would show up as increased mean rates of atrophy relative
to baseline only; mean rates of atrophy recalibrated relative to any post-
baseline point (e.g., 6 months in Hua et al.) would subtract out this first-
order longitudinal registration bias and hence would provide a more
consistent basis for estimating the true mean rate of atrophy.

Thus, to correct for potential bias, we recomputed the effect sizes
using differences in mean percent change of Stat-ROIs starting at
6 months (AD: 6-12 months =1%, 6-24 months=1.8%; MCI: 6-
12 months =0.5%, 6-18 months=0.8%, 6-24 months=1.3%). In
Table 1 we present sample size estimates necessary to obtain 80%
and 90% power to detect a 25% reduction in Stat-ROI mean rates of
atrophy recalibrated as percent change from 6 months. These sample
size estimates are between 4.7 and 16 times larger than those
reported in Hua et al. Using the Stat-ROI for AD clinical trial outcomes
with the uncorrected sample size estimates in Table 1 would therefore
result in severely underpowered studies relative to the corrected
sample size requirements, likely leading to unreliable and non-
significant treatment effect estimates, with potentially serious
implications if used for selecting dosage in clinical trials (Cummings,
2010). Note, we used the data summaries from Hua et al. (Fig. 3, p. 68)
to make our results as comparable as possible to theirs; effect sizes
computed similarly from publicly-available ADNI data current on May
5,2010 give somewhat larger estimates for sample size requirements.

It should be noted that any potential bias due to registration
methodology can be eliminated by making sure the entire procedure
is symmetric, by construction. Since the change measured from
baseline to 6 months should equal the inverse of the change measured
from 6-months to baseline, a simple method for achieving symmetry
is to measure the change in both directions independently, and then
combining them by algebraic or geometric averaging. Error metrics

for (1) inverse consistency of forward and reverse registrations, and
(2) transitivity of pair-wise registrations, can also be computed to
evaluate the quality of registration algorithms (Klein et al., 2009).

It is also important to compare longitudinal atrophy in AD and MCI
groups with that in an HC group, as done by Holland et al. (2009) and
Schott et al. (2010). As pointed out by Hua et al. (2009), longitudinal
atrophy estimates in an HC group can provide a useful benchmark to
evaluate the plausibility of unbiasedness assumptions for the method
of longitudinal registration employed, and as a potentially more
realistic reference condition for sample and effect size estimates than
the “no temporal change” reference condition (Fox et al., 2000).
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