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a b s t r a c t
SienaX and Siena are widely used and fully automated algorithms for measuring whole brain volume and
volume change in cross-sectional and longitudinal MRI studies and are particularly useful in studies of brain
atrophy. The reproducibility of the algorithms was assessed using the 3D T1 weighted MP-RAGE scans from
the Alzheimer's Disease Neuroimaging Initiative (ADNI) study. The back-to-back (BTB) MP-RAGE scans in the
ADNI data set makes it a valuable benchmark against which to assess the performance of algorithms of
measuring atrophy in the human brain with MRI scans. A total of 671 subjects were included for SienaX and
385 subjects for Siena. The annual percentage brain volume change (PBVC) rates were −0.65 ± 0.82%/year for
the healthy controls, −1.15 ± 1.21%/year for mild cognitively impairment (MCI) and −1.84 ± 1.33%/year for
AD, in line with previous ﬁndings. The median of the absolute value of the reproducibility of SienaX's
normalized brain volume (NBV) was 0.96% while the 90th percentile was 5.11%. The reproducibility of Siena's
PBVC had a median of 0.35% and a 90th percentile of 1.37%. While the median reproducibility for SienaX's NBV
was in line with the values previously reported in the literature, the median reproducibility of Siena's PBVC
was about twice that reported. Also, the 90th percentiles for both SienaX and Siena were about twice the size
that would be expected for a Gaussian distribution. Because of the natural variation of the disease among
patients over a year, a perfectly reproducible whole brain atrophy algorithm would reduce the estimated
group size needed to detect a speciﬁed treatment effect by only 30% to 40% as compared to Siena's.
© 2011 Elsevier Ireland Ltd. All rights reserved.

1. Introduction
Measures of volume and volume changes of the brain using magnetic
resonance images are becoming widely used to monitor the state and
progression of diseases such as Alzheimer's disease (AD) and multiple
sclerosis (MS). Several early magnetic resonance imaging (MRI) studies
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demonstrated the potential of brain atrophy as a measure of Alzheimer's
disease (Fox et al., 1996a, 1996b; Jack et al., 1998, 1999; Killiany et al.,
2000) and MS (Losseff et al., 1996; Rudick et al., 1999; Molyneux et al.,
2000; Miller et al., 2002). Recent results have shown the continued and
growing interest in atrophy algorithms in both AD (Jack et al., 2008;
Sluimer et al., 2009, 2010) and MS (Bermel and Bakshi, 2006; de Stefano
et al., 2007; Altmann et al., 2009; Barkhof et al., 2009; Korteweg et al.,
2009). Indeed, in their recent review Barkhof et al. (2009) recommended
whole brain atrophy as one of the preferred MRI outcomes for phase II
neuroprotection and repair trials in MS. In addition Frisoni et al. (2010)
stated that rates of whole brain and hippocampal atrophy are sensitive
markers of neurodegeneration and can be used as secondary outcomes
in phase III trials of potentially disease-modifying therapies in AD.
In addition to anatomically speciﬁc algorithms such as FIRST
[FMRIB Integrated Registration and Segmentation Tool, Oxford
University, Oxford UK], voxel-based morphometry (VBM) (Ashburner
and Friston, 2000) and Freesurfer (Fischl et al., 2002), there has been a
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growing use of whole brain atrophy algorithms. These include
Siena and SienaX (Smith et al., 2001; Smith, 2002; Smith et al., 2002,
2007; Battaglini et al., 2008), brain boundary shift interval (BBSI)
(Freeborough and Fox, 1997; Fox et al., 2000) and the brain parenchymal fraction (BPF) (Rudick et al., 1999). The growth in the use of atrophy
algorithms has driven an interest in evaluating atrophy algorithms
performance including their accuracy and reproducibility (Horsﬁeld
et al., 2003; Jasperse et al., 2007; Klauschen et al., 2009; Frisoni et al.,
2010). The various algorithms have been compared against each other
(Sormani et al., 2004; Zivadinov et al., 2005; Smith et al., 2007) and their
performance on various types of MRI sequences has been assessed
(Neacsu et al., 2008). In addition, Sormani et al. (2004) reported Siena to
have only half the error of automatic seed growing that used a
semiautomated technique for brain parenchyma segmentation. In the
technique a seed was positioned in any part of the cerebral parenchyma
and a region of interest (ROI) was grown from the seed using upper and
lower intensity thresholds, which were set interactively by a user.
Many studies have used the whole brain atrophy algorithms
SienaX and Siena (Smith et al., 2002, 2007), which are part of the FSL
package. SienaX measures the volume of the brain from a single MRI
scan and then normalizes it to a standard skull to yield a normalized
brain volume (NBV). The NBV can be thought of as the fraction of the
skull that is ﬁlled with brain. In contrast, Siena measures the
percentage brain volume change (PBVC) between two scans of the
same subject. Thus SienaX is useful in cross-sectional studies when
the longitudinal scans required by Siena are not available. Siena is
preferred for longitudinal studies because it has better reproducibility
than SienaX as Siena ﬁnds the volume changes between two scans of
the same subject. That both algorithms are fully automated and
widely available makes them particularly appealing.
The reproducibility of brain atrophy algorithms has been calculated across the literature in a consistent manner. The reproducibility
has been calculated from the BTB difference over a group of subjects.
The BTB difference for a subject is the difference between the same
algorithm for brain atrophy applied to two MP-RAGEs of the same
subject when the MP-RAGEs are acquired within a short period of
time of each other. As SienaX measures the NBV of each subject,
SienaX's BTB difference is commonly expressed as the percentage
change between the two volumes. Since Siena measures the
percentage brain volume change (PBVC) between two MP-RAGEs of
the same subject at different points in time, the difference between
the two PBVC values also has units of percentage. Precise deﬁnitions of
the BTB differences are provided in the methods section.
Various statistics can be used to summarize the BTB differences as
a reproducibility over particular groups. The most common one in the
literature is the median of the absolute value of the BTB difference
(Smith et al., 2007). This statistic will be used in the current paper
unless otherwise stated. The deﬁnitions of other statistics of the BTB
differences are described in the Methods.
For SienaX Smith et al. (2002) reported a brain volume
reproducibility of 0.5% to 1.0%, based on axial 2D T1 weighted fast
ﬁeld echo scans from 16 healthy controls (HC). All subjects were each
scanned at the same center and twice within 1 week. Using the same
data set as the SienaX results, Smith et al. (2002) also reported a
reproducibility for Siena of 0.15%.
In a later article, and using 3D acquired T1 weighted scans acquired
at a single center, Smith et al. (2007) reported the reproducibility of
Siena for 185 back-to-back (BTB) acquisitions acquired from 68
subjects, comprising 45 patients with AD and 23 age-matched
controls, as 0.16%. The addition statistic of 0.27% for the mean of the
absolute value of the BTB difference was also provided for the same
data set. Using incremental atrophy summation (IAS), Smith et al.
(2007) also found the median and mean absolute difference
reproducibility of Siena to be 0.16% and 0.20%, respectively.
Other studies have estimated the between- and within-individual
variability from longitudinal scans without BTB MP-RAGEs (e.g.,
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Schott et al., 2006). While requiring less scan time, since only one 3D
T1 weighted acquisition is required rather than two, the withinindividual variability will be sensitive to a broader range of variabilites
than the BTB difference. The additional variabilities would include
patient positioning and anything, other than AD, that would cause the
patients' brain volumes to change between visits. Also, determining
the distribution of the reproducibility of the MP-RAGEs requires
several assumptions regarding disease modeling. The full impact of
these assumptions on the variability of the result may be difﬁcult to
predict.
The MRI scans from the Alzheimer's Disease Neuroimaging
Initiative (ADNI) (Jack et al., 2008) offer several advantages when
estimating the reproducibility of brain volume algorithms such as
SienaX and Siena. The ADNI study acquired scans at more than 50 sites
across North America. It has more than 800 subjects in a cohort
composed of HC, mild cognitive impairment (MCI) and AD. MRI scans
of each subject are acquired yearly, providing a large cross-sectional
and longitudinal data set.
A unique characteristic of the ADNI MRI protocol making it
particularly well suited to the study of the reproducibility of brain
volume algorithms is that each subject's MR visit includes BTB
acquisitions of the 3D T1 weighted magnetization prepared rapid
gradient echo (MP-RAGE) sequence (Mugler and Brookeman, 1990)
with identical parameters. These BTB MP-RAGEs, which were all
acquired at 1.5 T, were included in the ADNI protocol to ensure that at
least one was of satisfactory quality (Jack et al., 2008). However, for most
patients, both scans are of high quality. This high quality is partly
because in the ADNI protocol the acquisition of the second BTB MPRAGE starts within seconds of the completion of the ﬁrst, thus the
subjects MRI scans are likely very similar. In addition, any variability
introduced by the acquisition of the MRI scans over more than 50
acquisition sites is in line with that of current clinical trials.
BTB MP-RAGE scans are rarely included in MRI studies because of
the additional acquisition time required. Reproducibility studies often
remove the patient from a MRI before repeating a scan later the same
day or within the next days or weeks thus introducing the variable of
patient repositioning. Therefore, ADNI BTB MP-RAGEs are particularly
well suited to isolating the variability introduced by the reproducibility of a particular algorithm of brain volume change from other
sources of variability in a study. Thus, given the wide variety of MRI
scanners and sites in the ADNI study, the ADNI BTB MP-RAGEs are a
particularly good benchmark against which to assess the performance
of brain volume change algorithms.
It should be kept in mind that the pair of ADNI BTB MP-RAGEs is of
degraded value when it comes to applying atrophy algorithms. Most
MRI scanners introduce distortions into their MRI images because of
nonlinear gradients. If these distortions, usually called gradient
distortion (GD), are not corrected for by post acquisition processing
they can lead to systematic errors in brain volume change algorithms.
While both of the BTB MP-RAGEs are available without ADNI's post
acquisition processing, only one of each BTB scans has received the
post acquisition processing. However, as long as the patient is in the
same position in the MRI scanner for both of the BTB scans, the GD will
be the same, and thus will not affect the brain volume algorithm BTB
difference. Most recently, Caramanos et al. (2010) detailed the
potential detrimental effects of GD on Siena reproducibility. They
showed the primary source of systematic errors in the atrophy rates
was displacement along the z direction of the MRI scanners.
Several recent publications have used the ADNI data set to assess
the performance of MRI scanners (Clarkson et al., 2009; Gunter et al.,
2009; Kruggel et al., 2010) and algorithms to measure brain volume
change (Morra et al., 2008; Chupin et al., 2009; Morra et al., 2010).
However, to date no one has used the BTB MP-RAGE as a benchmark
for evaluating the reproducibility of the volume change algorithms.
The current study assessed the reproducibility of both the SienaX
and Siena atrophy algorithms for measuring brain volume change and
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demonstrates how the BTB MP-RAGEs in the ADNI protocol provide an
excellent benchmark on which to test the reproducibility of brain
atrophy algorithms.

2. Methods
Data used in the preparation of this article were obtained from the
Alzheimer's Disease Neuroimaging Initiative (ADNI) database (www.
loni.ucla.edu/ADNI). The ADNI was launched in 2003 by the National
Institute on Aging (NIA), the National Institute of Biomedical Imaging
and Bioengineering (NIBIB), the Food and Drug Administration (FDA),
private pharmaceutical companies and non-proﬁt organizations, as a
$60 million, 5-year public–private partnership. The primary goal of
ADNI has been to test whether serial magnetic resonance imaging
(MRI), positron emission tomography (PET), other biological markers,
and the progression of mild cognitive impairment (MCI) and early
Alzheimer's disease (AD). Determination of sensitive and speciﬁc
markers of very early AD progression is intended to aid researchers
and clinicians to develop new treatments and monitor their
effectiveness, as well as lessen the time and cost of clinical trials.
The Principal Investigator of this initiative is Michael W. Weiner, MD,
VA Medical Center and University of California-San Francisco. ADNI is
the result of efforts of many co-investigators from a broad range of
academic institutions and private corporations, and subjects have been
recruited from over 50 sites across the U.S. and Canada. The initial goal of
ADNI was to recruit 800 adults, ages 55 to 90, to participate in the
research — approximately 200 cognitively normal older individuals to be
followed for 3 years, 400 people with MCI to be followed for 3 years and
200 people with early AD to be followed for 2 years. For up-to-date
information, see www.adni-info.org.
To insure GD was not a factor in the reproducibility the displacement
of subject heads was calculated for each BTB scan. To measure the
displacement between BTB MP-RAGEs, the Flirt algorithm in FSL was
used to linearly co-register the BTB MP-RAGEs using rigid body (6d.f.).
The resulting rigid body transform parameters were then used to
calculate the displacement of each voxel from the ﬁrst to second BTB
MP-RAGE. The maximum displacement observed inside the BET brain
mask of the ﬁrst BTB MP-RAGE was then determined and used as an
indication of the amount of displacement between MP-RAGEs. As a
further check of the inﬂuence of the quality of the BTB MP-RAGEs, a
scatter plot of the SienaX BTB differences versus the Siena BTB
differences was plotted.
For this reproducibility study, FSL version 4.1.4 was used. For both
SienaX and Siena, the brain extraction tool (BET) was run with only
the −B option, which implements a correction for spatial signal
inhomogeneity and robust brain center estimation for optimized
brain extraction.
All BTB MP-RAGEs that were acquired before the summer of 2009
were downloaded from the ADNI website. None of the scans included in
this study had received any post acquisition processing such as N3
correction, GD or B1 non uniformity correction. To reduce the likelihood
of poor quality MRI scans, any subjects that had more than 2 MP-RAGEs
during a patient visit were excluded from the reproducibility analysis.

For the SienaX reproducibility study, only the month 0 scan for
each patient, referred to as the screening scan in the ADNI data set,
was used. In a total of 13 subjects SienaX failed to yield values for one
or both of the MP-RAGEs leaving a total of 671 subjects in the study.
For Siena, the month 0 and month 12 scans were used. For Siena, one
subject failed to yield a value giving a total of 385 subjects for further
analysis. The subjects that failed in SienaX and Siena were different.
More information on group sizes is given in Table 1. The ﬁrst PBVC
value (PBVC1) was calculated from the ﬁrst acquired MP-RAGE of both
patient visits, and the second PBVC value (PBVC2) was calculated from
the second acquired MP-RAGE of both patient visits.
For this article, the reproducibility of a volume algorithm was
calculated from the BTB difference for each subject. The BTB difference
was calculated by the second minus the ﬁrst of the BTB MP-RAGEs. As
SienaX measures the NBV in litres, its BTB difference (BTBDSX) was
calculated as the volume of the second scan minus the ﬁrst with the
difference divided by their average value and then expressed as a
percentage. The SienaX BTB difference expressed as an equation is
BTBDSX = 200ðNBV2 −NBV1 Þ = ðNBV2 + NBV1 Þ

ð1Þ

A symmetrized version of the percentage change was used because
there was no reason to treat either of the BTB MP-RAGEs preferentially.
As Siena already yields a percentage change between two patient
visits, its BTB difference (BTBDS) was deﬁned to be the PBVC value of
the second acquired of the BTB MP-RAGE minus PBVC value of the ﬁrst
acquired. The Siena BTB difference expressed as an equation is
BTBDS = PBVC2 −PBVC1

ð2Þ

Several statistics of the BTB differences were calculated to give a
clearer picture of the distributions of the BTB differences. In addition
to the median of the absolute value of the BTB differences (Smith et al.,
2007), three other statistics were included in this article. The 90th
percentile of the absolute value of the BTB difference, when compared
with the median, gives a measure of how close the distributions are to
Gaussian. The standard deviation of the BTB difference is also included
because it was used in the group size calculations. As Smith et al.
(2007) also used the mean of the absolute value of the BTB differences, this statistic is included for completeness.
In addition to the reproducibility, to characterize the three diagnostic
groups and to compare our results with previous ﬁndings, we also
calculated for each of the groups the mean NBV and mean annual
atrophy rate. The latter was calculated as PBVC/year by dividing PBVC by
the time between the month 0 and month 12 scans to correct for minor
variations in follow-up duration between subjects.
An important issue in the design of clinical trials is the smallest group
size that still has sufﬁcient statistical power to detect an expected
treatment effect. A typical question would be what group size would be
required to detect a reduction in the whole brain atrophy by 0.5
percentage points — for example from a mean value of −1.8% to −1.3%.
There is a common statistical standard that a group size must satisfy for
it to be considered to be sufﬁciently large to detect a speciﬁed treatment
effect. We assume that both the treated and untreated groups are of the

Table 1
Reproducibility of SienaX and Siena for the BTB difference for the combined and diagnostic groups. In addition to the number of subjects, four difference statistics for the various
groups are presented for the BTB reproducibility.
SienaX NBV

Number of subjects
Median abs value (%)
90th percentile abs (%)
Standard deviation (%)
Mean abs value (%)

Siena PBVC

Combined

HC

MCI

AD

Combined

HC

MCI

AD

671
0.96
5.11
3.37
1.97

183
0.92
4.86
2.95
1.80

330
0.91
4.95
3.37
1.96

158
1.11
5.29
3.77
2.22

385
0.35
1.37
0.95
0.59

105
0.34
1.12
0.72
0.49

195
0.32
1.46
0.91
0.55

85
0.41
1.62
1.01
0.64
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same size and that the group size must be large enough such that the
signiﬁcance of the statistical test falls below p = 0.05 at least 80% of the
time (Altmann et al., 2009; Holland et al., 2009).
The testing of the statistical power of various group sizes (Holland
et al., 2009) was implemented in this study using bootstrapping
(Mooney and Duval, 1985; Altmann et al., 2009). Bootstrapping is a
particularly robust method for group size estimation as it can handle
normal and non normal distributions equally well.
For bootstrapping to ﬁnd the smallest group size that has sufﬁcient
statistical power, three distributions have to be determined. The ﬁrst,
referred to as the disease distribution, is the distribution of the volume
measured over a representative set of subjects in the normal
progression of the disease. The second, referred to as the reproducibility distribution, is the distribution of the reproducibility for
individual measurements of the atrophy. The third, referred to as
the treatment distribution, simulates the atrophy after treatment and
is calculated from the disease distribution and depends on the
speciﬁed treatment effect. For bootstrapping, all three distributions
were derived from the ADNI data set including the treatment
distribution which was derived via the disease distribution.
The disease distribution was calculated by averaging the two
volume measures from each pair of BTB MP-RAGEs. For SienaX, each
element of the disease distribution set corresponded to the average
NBV of a subject
ðNBV2 + NBV1 Þ = 2

ð3Þ

Similarly, for Siena, each element of the disease distribution set
corresponded to the average PBVC of a subject
ðPBVC2 + PBVC1 Þ = 2

ð4Þ

The reproducibility distribution was calculated by taking half the
difference of the volume measures from the BTB MP-RAGEs. For
SienaX, each element of the reproducibility distribution set is
ðNBV2 −NBV1 Þ = 2

ð5Þ

The corresponding equation for Siena is
ðPBVC2 −PBVC1 Þ = 2

ð6Þ

The mathematics of the disease distribution is different from the
reproducibility distribution because the disease distribution is signal
while the treatment distribution is noise. With ideal noise the
standard deviations add as the squares. Thus, Eqs. (5) and (6) require
the division by a ﬁrst square root of two because the BTB difference is
the difference between two measurements that are assumed to have
the same standard deviation. Division by a second square root of two
accounts for the disease distribution being the average of the pair of
BTB volume algorithms, thus reducing the variance of the disease
distribution. An underlying assumption of these calculations is that
the disease and reproducibility distributions are uncorrelated.
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The treatment distribution was derived from the disease distribution
by multiplication by a scaling factor. For example, to simulate a
treatment distribution that has a mean that is 0.5 percentage points
larger than SienaX's disease distribution, the disease distribution was
multiplied by 1.005. For Siena, to simulate a treatment distribution with
a mean of −1.3% from a disease distribution with a mean of −1.8%, the
disease distribution was multiplied by 0.7222.
During the bootstrap calculation, to determine the power of a
particular group size to detect a particular treatment effect, 100,000
realizations of a test version of the disease and treatment distributions
were generated. For each realization, each disease and treatment test
distribution was generated by selecting randomly, with replacement,
from the corresponding measured distributions. Each subject's value in
the disease and treatment test distributions then had a BTB difference
added to its value that was selected randomly, with replacement, from
the reproducibility distribution. The disease and treatment distributions
were then compared using the two-sided Mann–Whitney–Wilcoxon
nonparametric test (Altman, 1991). The fraction of the p-values less
than the statistical signiﬁcance threshold of 0.05 was then calculated to
see whether it exceeded the required power of 0.8.
Three different versions of the reproducibility distribution were
used during the bootstrap. The ﬁrst simulated a single MP-RAGE. The
second simulated the average of two BTB MP-RAGEs. The third
assumed the brain volume measurement was perfectly reproducible
and thus no reproducibility value was added to either the disease or
treatment test distributions.
All SienaX and Siena calculations were run on the DAS3 cluster
using the MirageGRID software (Sluimer et al., 2009). The total time to
complete all of the Siena subjects was under 10 h, about 200 times
faster than on a single computer. The calculation of the SienaX
reproducibility required similar resources.
3. Results
Fig. 1 shows the distribution of SienaX's NBV and Siena's PBVC for the
diagnostic groups presented as box–whisker plots. Both distributions for
both of the BTB MP-RAGE are shown. From the ﬁrst of the BTB MP-RAGE of
each subject, the mean NBV for the HC group was 1.48 L with a standard
deviation of 0.10 L. The MCI group had a mean volume of 1.45±0.09 L and
the AD group had a mean volume of 1.45±0.10 L.
The mean annual PBVC, as obtained by taking the ﬁrst MP-RAGE of the
BTB MP-RAGE, was −0.65%/year with a standard deviation of 0.82%/year
for the HC group. The MCI group had a mean PBVC of −1.15±1.21%/year
and the AD group had a mean of -1.84±1.33%/y. As expected, the
corresponding values for the second scans were nearly identical to the
ﬁrst. They were −0.66±0.81%/year, −1.14±1.30%/year and −1.88±
1.47%/year. For the AD group there was a slightly larger range of atrophy
rates on the second MP-RAGE than the ﬁrst, although the statistical
signiﬁcance is unclear. As with the comparable values for NBV, even
though there was no correction for GD, the trend to more rapid disease
progression in the PBVC from HC to MCI to AD was clear.
The BTB difference of the NBV was calculated for the pair of BTB
MP-RAGE for each subject. The histogram is shown in Fig. 2 including

Fig. 1. Box-and-whisker plot of (left) baseline brain volume and (right) whole brain atrophy rate, by diagnostic group. Horizontal line inside the box is median value, the box
boundaries are the 25 and 75 percentiles, and the whiskers are the 5 and 95 percentiles. For each diagnostic group, the box-and-whisker plot of the left corresponds to the ﬁrst of the
BTB MP-RAGE and on the right to the second.
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Fig. 8 shows the scatter graph of the SienaX versus the Siena BTB
difference for each subject. Even though about half a dozen subjects
fell outside the main pattern, the shape of the main pattern is clear.
The subjects with the poorest NBV reproducibility have good PBVC
reproducibility while the subjects with poor PBVC reproducibility
have good NBV reproducibility. This point is discussed further in the
Discussion.
Table 2 shows the group sizes, estimated by bootstrap simulation,
SienaX would require to detect a particular difference in NBV. Table 3
shows the corresponding group sizes for Siena. The reason the three
different types of reproducibility are not presented for SienaX is
covered in the Discussion. For Siena, the group sizes for the average of
2 MP-RAGE scans are only 10% to 13% smaller than for a single MPRAGE scan. Also for Siena, the group sizes for a perfectly reproducible
whole brain atrophy algorithm, using the disease variation over
1 year, are 30% to 40% smaller than for a single MP-RAGE scan.
Fig. 2. Histogram of the reproducibility, as quantiﬁed by the BTB difference, of SienaX's
NBV over 672 subjects, including the breakdown by diagnostic groups.

4. Discussion
the breakdown by diagnostic group. Table 1 provides some statistics
of the NBV reproducibility, as calculated from the BTB difference, for
the combined and diagnostics groups. Fig. 3 shows the scatter plot of
the BTB difference of the NBV versus the displacement of the subject's
head between the BTB MP-RAGE. The displacement of most heads is
less than 5 mm. The few heads that were displaced by more than
5 mm did not have BTB differences that were substantially worse than
those with less displacement.
Fig. 4 shows the Bland–Altman scatter plot of the average NBV of
the BTB MP-RAGE versus the difference of the NBV. From visual
inspection of Fig. 4, there was no evidence of dependence of the
difference in the NBV on the average of the NBV.
Fig. 5 shows the histogram of the BTB differences of Siena's PBVC. A
slight asymmetry in the histogram of about 0.1% is apparent
indicating that the negative BTB differences are slightly more common
among the various groups than the positive ones. The asymmetry is
discussed further in the Discussion. Table 1 provides some statistics of
the PBVC BTB differences for the combined and diagnostics groups.
Fig. 6 shows the scatter plot of the difference of the PBVCs versus the
maximum displacement of the subject's head between BTB MP-RAGE. In
this case, since there were two patient visits for each subject, and thus
two BTB MP-RAGEs, the maximum displacement of the two patient
visits for each subject was used to generate Fig. 6. As with SienaX, the
displacement of most heads is less than 5 mm and the few heads that
were displaced by more than 5 mm did not have differences in the BTB
PBVCs that were substantially worse than those with less displacement.
Fig. 7 shows the Bland–Altman scatter plot of the average PBVCs of
the BTB MP-RAGE versus the difference of the PBVCs. As can be seen
from Fig. 7, similar to what was observed for SienaX, there was little if
any dependence of the difference in the PBVC to the average of the
PBVC.

The annual whole brain atrophy rates measured in the current study
were in good agreement with those presented in the literature. For
example Sluimer et al. (2008), on a different cohort than ADNI but using
Siena to measure the brain atrophy, reported −1.2% for MCI and −1.9% for
AD. These values compares favorably with the −1.15% and −1.84%
measured in the current study. Fox et al. (1999) reported an annual
atrophy rate of −2.0% for AD patients. Evans et al. (2010), for the ADNI
cohort but using the semi-automated boundary shift integral (BSI),
obtained values of −0.49%, −1.05% and −1.50% (HC, MCI, and AD). While
the HC and MCI values are close to the current study, the AD value is
slightly different. It is interesting to note there is good agreement between
the current study and previous studies even though the MP-RAGE in the
current study received no correction for GD.
Several measures of reproducibility were used in this manuscript.
These included the median of the absolute value of the BTB differences
(Eqs. (1) and (2)), which is commonly used in the literature. A novel
measure of the reproducibility used was the 90 percentile of the
absolute value of the BTB differences. The 90 percentile reproducibility measure was included so the shape of the BTB distributions could
be compared to Gaussian. The standard deviation of the BTB distributions was also calculated.
For SienaX, the median of the absolute value of the BTB difference
found, 0.96% (Table 1), was in line with the 0.5% to 1.0% reported by
Smith et al. (2002). However, although no values for the 90th percentile
have been previously published, at 5.11%, it was unexpectedly high. For
a Gaussian distribution with a median of the absolute value at 0.96%, the
90th percentile would be expected to be at 2.34%. Thus, the measured
90th percentile of the reproducibility for SienaX is more than twice the
value that would be expected for a Gaussian distribution. Thus, at least
10%, and likely more, of the BTB differences for each of the groups must
be outliers to a Gaussian distribution.

Fig. 3. Scatter plot of the reproducibility of SienaX's NBV versus the displacements of the heads between BTB MP-RAGE.
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Fig. 4. Bland–Altman scatter plot of the difference between SienaX's NBV for BTB MP-RAGE versus the average of the two NBVs.

For Siena, the absolute median of the PBVC's BTB difference was
about twice as big as the published values. Smith et al. (2007)
reported an absolute mean reproducibility of 0.16% for BTB difference.
The current study found the comparable value of reproducibility to be
0.35%. One possible cause of the doubling in the reproducibility may
be due to the wide variety of scans from the more than 50 acquisition
sites included in the ADNI study. While the Smith et al. (2007) study
had a mix of HC and AD subjects and used a 3D T1 weighted sequence,
it only acquired the MRI scans at a single center. As with SienaX, the
90th percentile of reproducibility for Siena at 1.33% was much larger
than expected for a Gaussian distribution.
The reproducibility of the SienaX and Siena is reasonably close to
the values published in the literature. This result is impressive
considering the wide variety of MRI scanners that were employed in
the more than 50 acquisition sites included in the ADNI study. This
result bodes well for the use of SienaX and Siena in clinical trials.
However, the reproducibility of SienaX and Siena has distributions
that have much larger shoulders than a Gaussian and any analysis that
assumes a Gaussian distribution may yield inaccurate results. The use
of bootstrapping and the Mann–Whitney–Wilcoxon statistical test in
the current study handled Gaussian and non Gausssian distributions
equally well and avoided this potential error.
The primary contributions to the variation in the brain volume
change from MP-RAGE to MP-RAGE and patient to patient are likely
measurement reproducibility and disease variation. The ADNI BTB
study allows these two sources of variation to be separated from each
other. While other factors may introduce some variation, such as
intervals between scans or disease progression, because of the study
design these variations will likely be incorporated into the disease
variability rather than the reproducibility.
The standard deviation of the measured atrophy rates of the
subjects, σmeasured, is related to the standard deviation of the disease

Fig. 5. Histogram of the reproducibility, as quantiﬁed by the BTB difference, of Siena's
PCBV over 385 subjects including the breakdown by diagnostic groups.

atrophy rates, σdisease, and the standard deviation of the reproducibility,
σrepro, by the equation
2

2

2

σmeasured = σdisease + σrepro

ð7Þ

assuming the distributions are uncorrelated. The σmeasured and σrepro
values can be determined from the ADNI data set for all combinations
of the SienaX and Siena volume measures and the MCI and AD
diagnostic groups. For example, the measured AD group of Siena had a
σmeasured = 1.33%. The reproducibility of single MP-RAGE measurement is the standard deviation of the BTB difference, which is 1.01%,
divided by the square root of 2, yielding σrepro = 0.71%. Thus, from
Eq (7), σdisease = 1.12% over 1 year. Also, according to Eq. (7) the
squares of the standard deviations of the disease and reproducibilities
are summed to get the standard deviation of the measured
distribution. Therefore, most of the variation in the measured
distribution for the AD diagnostic group measured with Siena over
1 year is due to the disease variation rather than the reproducibility.
This is also true for the MCI diagnostic group.
If the MP-RAGE scans were acquired for 1 to 2 more years on each
subject, the disease standard deviation would be expected to grow
while the reproducibility would be expected to stay the same. Thus for
Siena's measurements of brain atrophy in AD patients in multiyear
studies the main source of variation will not be measurement error,
but disease variation. As averaging of more MRI scans and longer
duration studies allows the averaging down of the reproducibility but
not the disease variation, Siena measurements in AD reaches the point
of diminishing returns within 1 or 2 years.
This characteristic of Siena is also indicated by the required group
sizes for speciﬁed treatment effects. Increasing from 1 to 2 MP-RAGE
scans only reduces group sizes by about 10%. Indeed, if a version of
Siena could be implemented with perfect reproducibility, it would
only reduce group sizes by about 35% in a one year study. In a multiple
year study, because of the relatively large variation in the atrophy
rates over MCI and AD patients, this reduction in group size can be
expected to be substantially less. Consequently major improvements
in Siena's reproducibility should only have minor effects on the
required group sizes on multiyear studies.
The standard deviation of SienaX's BTB difference of 3.8% is nearly 4
times larger than that of Siena. SienaX, because of its poor reproducibility
when compared to Siena, should beneﬁt much more from frequent
scanning and large duration studies to average down the reproducibility.
Altmann et al. (2009) noted this behavior after applying SienaX and Siena
to a multiyear study of whole brain atrophy in multiple sclerosis. Analysis
of multiyear scans for subjects in the ADNI study should also conﬁrm this
behavior.
The foregoing calculation is based on the assumption that the
disease variation and BTB differences are uncorrelated. However, we
cannot be sure this assumption is completely true. Examination of
Table 1 suggests that the BTB differences may be slightly worse for
more advanced disease. However, the BTB differences between the
groups are small and it is not clear how this slight difference would
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Fig. 6. Scatter plot of the reproducibility of Siena's PCBV versus the displacements of the heads between BTB MP-RAGEs.

affect the separation between the disease variety and the atrophy
measurement reproducibility BTB differences.
From the results of the current study it is possible to check whether
the poor reproducibility found in some subjects is due to poor quality
MP-RAGEs. Applying SienaX to a poor quality MPRAGE can be expected
to yield a NBV with an outlying value. Also, applying Siena to a pair of
MP-RAGES, either of which has a poor quality, can be expected to yield
an outlying PBVC. So if any of the 4 MP-RAGEs per subject are of poor
quality then in at least half the subjects both the NBV and PBVC will yield
outlying volume measures.
The scatter graph in Fig. 8 shows that for most subjects both SienaX
and Siena have small BTB differences. For those subjects that do have
poor reproducilibilty in SienaX or Siena the other measure appears to
have good reproducibility, yielding a distinctive cross pattern to the
scatter graph. Only about half a dozen subjects of the 385 subjects had
outlying values for both SienaX and Siena. Therefore, it can be stated
with conﬁdence that the vast majority of outlying NBV and PBVC
measures in this study are not related to poor MP-RAGE quality since
poor image quality should yield poor values for both BTB differences
for the subject. Although not shown, Fig. 8 was also plotted for the HC,
MCI and AD groups separately. All groups showed similar patterns to
the combined group with none showing substantially more outliers.
Thus, the underlying cause of the outliers remains unclear.
Figs. 3 and 6 demonstrated that the displacement of subjects'
heads between BTB MP-RAGEs had little effect on the reproducibility of
both SienaX and Siena. This minimal effect may be due to the limited
motion of the patients head between BTB MP-RAGEs. As the second scan
begins within seconds of the completion of the ﬁrst, the likely motions of
the head are left–right rotation and anterior-superior tilting. Motion in
the z direction is very restricted because the subject remains on the table
during the MRI scan. Caramanos et al. (2010) demonstrated that whole
brain volume algorithms were particularly sensitive to displacement in
the z direction in the MRI. Thus the displacement between the BTB MPRAGEs in the ADNI study is probably not particularly sensitive to GD
distortion.
There is a slight asymmetry in the Siena histogram (Fig. 5) of the
order of about 0.1%. To check the possibility that the asymmetry might
be due to post acquisition analysis, the full analysis for each of the 385

subjects, including all the volume algorithms was repeated twice. The
ﬁrst repeat had the order of the BTB MP-RAGE switched for both
patient visits for all subjects. The second repeat had the order of the
0 month and 12 month scans interchanged. Consistent with the
proper performance of the post acquisition software, for both repeats,
the PBVC histogram was mirrored left-to-right but otherwise
identical. The results of the additional post processing strongly suggest that the asymmetry in the Siena histogram is somehow related to
the acquisition of the MRI scans rather than its post acquisition
processing.
One possible explanation of the asymmetry is that a subset of
subjects was moving more in the second of the BTB MP-RAGE with the
movement being more common in the AD group. This increased
movement may explain the slight increase in the range of PBVC values
for the second AD MP-RAGE shown in Fig. 1. It may also explain why
for PBVC the MCI group sizes required to detect a treatment effect,
shown in Table 3, are slightly smaller than for AD. Further investigation is needed to resolve this issue. Of course in practice, the disease
progression in MCI is slower than AD so detection of any slowing of
the disease will require larger treatment groups for MCI than AD.
While the ADNI BTB MP-RAGEs provide a valuable way to assess
the reproducibility of algorithms to measure brain volume changes it
should be kept in mind that other sources of variation can affect the
outcome of a clinical trial besides measurement reproducibility and
disease variation. Therefore, any additional sources of variation would
likely be incorporated into the disease variation part of Eq. (7).
In conclusion, for a fully automatic algorithm for measuring whole
brain atrophy, Siena performed well, especially considering that ADNI
is such a large and varied data set. SienaX, as is well documented in
the literature, performed less well. While the unexpectedly large 90th
percentiles of SienaX's and Siena's reproducibilities indicated non
Gaussian distributions, none of the processing used in this study
assumed a Gaussian distribution. It was demonstrated that Siena's
reproducibility was sufﬁciently small that, in multiyear studies, it is
likely that any further improvement of Siena's reproducibility will
yield only diminishing returns. This study also demonstrated that the
ADNI data set provides a valuable benchmark by which to assess the
reproducibilities of current and future volume algorithms.

Fig. 7. Bland–Altman scatter plot of the difference between Siena's PCBV for BTB MP-RAGE versus the average of the two PCBVs.
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Fig. 8. Scatter plot of the reproducibility of SienaX versus that of Siena for each subject.

Table 2
SienaX sample size estimates using bootstrapping for the MCI and AD. While the
treatment effect varies with the cohort, a 50% treatment effect in AD is usually about 0.6
percentage points per year for whole brain atrophy measures.
Percentage point reduction

MCI

AD

1.0
0.9
0.8
0.7
0.6
0.5

510
617
777
1034
1387
1951

608
736
944
1221
1621
2165
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Table 3
Siena sample size estimates using bootstrapping for the MCI and AD for a single MPRAGE, the average of the two BTB MP-RAGEs and perfect reproducibility. While the
treatment effect varies with the cohort, a 50% treatment effect in AD is usually about 0.6
percentage points per year for whole brain atrophy measures.
AD
Percentage MCI
point
1 MP-RAGE 2 MP-RAGE Perfect 1 MP-RAGE 2 MP-RAGE Perfect
reduction
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3

15
19
24
33
46
70
116
220

13
17
21
29
41
63
104
198

9
12
16
22
32
50
84
158

24
31
40
54
76
113
182
335

21
27
35
48
68
101
163
300

16
20
28
37
54
80
123
210
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