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Abstract

Stable MR acquisition is essential for reliable measurement of brain atrophy in longitudinal 

studies. One attractive recent advance in MRI is to speed up acquisition using parallel imaging 

(e.g. reducing volumetric T1-weighted acquisition scan times from around 9 to 5 minutes). In 

some studies, a decision to change to an accelerated acquisition may have been deliberately taken, 

while in others repeat scans may occasionally be accidentally acquired with an accelerated 

acquisition. In ADNI, non-accelerated and accelerated scans were acquired in the same scanning 

session on each individual. We investigated the impact on brain atrophy as measured by k-means 

normalised boundary shift integral (KN-BSI) and deformation-based morphometry when changing 

from non-accelerated to accelerated MRI acquisitions over a 12-month interval using scans of 422 

subjects from ADNI. KN-BSIs were calculated using both a non-accelerated baseline scan and 

non-accelerated 12-month scans (i.e. consistent acquisition), and a non-accelerated baseline scan 

and an accelerated 12-month scan (i.e. changed acquisition). Fluid-based non-rigid registration 

was also performed on those scans to estimate the brain atrophy rate. We found that the effect on 

KN-BSI and fluid-based non-rigid registration depended on the scanner manufacturer. For KN-
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BSI, in Philips and Siemens scanners, the change had very little impact on the measured atrophy 

rate (increase of 0.051% in Philips and -0.035% in Siemens from consistent acquisition to changed 

acquisition), whereas, in GE, the change caused a mean reduction of 0.65% in the brain atrophy 

rate. This is likely due to the difference in tissue contrast between grey matter and cerebrospinal 

fluid in the non-accelerated and accelerated scans in GE, which uses IR-FSPGR instead of MP-

RAGE. For fluid-based non-rigid registration, the change caused a mean increase of 0.29% in the 

brain atrophy rate in the changed acquisition compared to consistent acquisition in Philips, 

whereas in GE and Siemens, the change had less impact on the mean atrophy rate (increase of 

0.18% in GE and 0.049% in Siemens). Moving from non-accelerated baseline scans to accelerated 

scans for follow-up may have surprisingly little effect on computed atrophy rates depending on the 

exact sequence details and the scanner manufacturer; even accidentally inconsistent scans of this 

nature may still be useful.
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1. Introduction

Rates of brain atrophy measured from serial MRI are increasingly used to track disease 

progression for diagnostic purposes and clinical trials (Johnson et al., 2012; Salloway et al., 

2014). Stability of acquisition is regarded as absolutely essential (a sine qua non) for 

reliability, with each individual ideally being scanned in the same scanner, using the the 

same software revision and pulse sequence. This may be impractical for studies of slow-

progressing diseases (e.g. Alzheimer's disease) that may go on over 10 years (Bateman et al., 

2011). Also, sequence innovations and hardware improvements may mean that there are 

reasons to change: one attractive recent advance in MRI is to speed up acquisition using 

parallel imaging methods (reducing volumetric T1-weighted acquisition from approximately 

9 to 5 minutes). This frees up scanner time to allow additional scans, or the reduced scan 

time may reduce patient attrition rate. In some studies, a decision to change to an accelerated 

acquisition may be beneficial, while in others repeat scans may occasionally be accidentally 

acquired with an accelerated acquisition.

Popular techniques for the calculation of brain atrophy rate include the boundary shift 

integral (BSI) (Freeborough and Fox, 1997) and deformation-based morphometry 

(Freeborough and Fox, 1998; Avants et al., 2008; Hua et al., 2011; Holland et al., 2011; 

Lorenzi et al., 2013). After registering two serial MR volumetric scans, the BSI directly 

estimates the change in brain volume using the difference in voxel intensities between the 

two scans. A change in acquisition protocol (e.g. changing from non-accelerated to 

accelerated acquisition) is likely to cause a change in image characteristics such as tissue 

contrast and signal-to-noise ratio, which will have an effect on BSI (Preboske et al., 2006). 

K-means normalised BSI (KN-BSI) can provide a more robust measurement of brain 

atrophy by using tissue-specific intensity normalisation (Leung et al., 2010). However, KN-

BSI still assumes that the tissue intensities in the baseline and repeat scans have a linear 
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relationship. Deformation-based morphometry uses non-rigid registration to align two serial 

MR images. Volume change within a region of interests between the two points can be then 

calculated by integrating the determinant of the Jacobian matrix of the deformation field 

within the region of interests. Non-rigid registration may be less sensitive to contrast change 

due to the use of image similarity measures such as normalised cross-correlation and 

normalised mutual information, but it may be sensitive to the different noise characteristics 

of the non-accelerated and acceleration scans. We therefore wished to investigate whether 

KN-BSI and deformation-based morphometry measures would be robust to changing from a 

non-accelerated acquisition to an accelerated MRI acquisition over a 12-month interval.

2. Materials and Methods

2.1. Image Data and Acquisition

Data used in the preparation of this article were obtained from the Alzheimers Disease 

Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). In the second and third phases 

of ADNI (ADNI-GO and ADNI-2), T1-weighted volumetric MRI scans of each individual 

were acquired using both non-accelerated and accelerated acquisitions in the same scanning 

session (IR-FSPGR on GE, and MP-RAGE on Philips and Siemens). The non-accelerated 

and accelerated MRI protocols are summarised in Table 1. Full details of the MRI protocols 

are listed on the ADNI website (http://adni.loni.usc.edu/methods/documents/mri-protocols/).

We downloaded the baseline and 1-year non-accelerated and accelerated preprocessed scans 

of 422 subjects. The subjects consisted of 116 normal controls (NC), 186 subjects with early 

mild impairment (EMCI), 94 subjects with late mild cognitive impairment (LMCI), and 26 

subjects with probable Alzheimer's disease (AD). Image pre-processing included post-

acquisition correction of gradient warping (Jovicich et al., 2006) and intensity non-

uniformity correction using N3 (Sled et al., 1998) and SPM5 with tissue priors from a 

custom template consisting of 400 elderly subjects (200 NC and 200 AD) from the first 

phase of ADNI. A list of subject identifiers used in this study can be found in the 

supplementary material.

2.2. Brain Atrophy Measurement Using KN-BSI and Deformation-based Morphometry

Whole brain regions in the baseline and repeat scans were automatically delineated by 

Multi-Atlas Propagation and Segmentation (Leung et al., 2011), visually checked and 

manually edited if necessary. The baseline and repeat scans were spatially aligned to a mid-

point using affine image registration (Leung et al., 2012). Differential bias correction was 

applied to correct the intensity bias between the aligned scans (Lewis and Fox, 2004).

Brain atrophy rates were then calculated using KN-BSI and deformation-based 

morphometry.

KN-BSI KN-BSIs (Leung et al., 2010) were calculated using both a non-accelerated 

baseline scan and non-accelerated repeat scans (i.e. consistent acquisition), and a non-

accelerated baseline scan and an accelerated repeat scan (i.e. changed acquisition). Brain 

atrophy rate was calculated as a percentage of the baseline brain volume by dividing the 

KN-BSI by the baseline brain volume.
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Deformation-based Morphometry Fluid-based non-rigid registration (Freeborough and 

Fox, 1998; Anderson et al., 2012) was used to register a non-accelerated baseline scan and 

non-accelerated repeat scans (i.e. consistent acquisition), and a non-accelerated baseline 

scan and an accelerated repeat scan (i.e. changed acquisition). Normalised cross-correlation 

was used as the similarity measure in the registration. Brain volume change was calculated 

by integrating the determinant of the Jacobian matrix of the deformation field within the 

baseline whole brain region. Brain atrophy rate was calculated as a percentage of the 

baseline brain volume by dividing the brain volume change by the baseline brain volume.

2.3. Tissue Contrast

As a change of tissue contrast between the baseline and repeat scans may cause a change in 

KN-BSI, we obtained the mean intensities of cerebrospinal fluid (CSF), grey matter (GM) 

and white matter (WM) in the non-accelerated and accelerated scans using k-means 

clustering (in the KN-BSI pipeline) (Leung et al., 2010), and calculated GM-CSF and WM-

GM tissue contrast ratios.

2.4. Statistical Analysis

Linear regression was used to compare the measured brain atrophy rates between consistent 

and changed acquisitions for each manufacturer with the site ID as a covariate, and to 

compare the log-transformed GMCSF and WM-GM ratios between non-accelerated and 

accelerated scans. In addition, Pitman's test was used to compare the variances of measured 

brain atrophy rates between consistent and changed acquisitions for each manufacturer. All 

statistical analyses were performed using Stata version 12.1 (College Station, Texas, US).

3. Results

Figure 1 shows examples of non-accelerated and accelerated scans from each manufacturer. 

The non-accelerated and accelerated scans were qualitatively very similar, with some subtle 

differences in terms of noise characteristics. Table 2 shows the brain atrophy rates calculated 

from KN-BSI using consistent and changed acquisitions. Mean atrophy rates from the 

changed acquisition were 0.65% (95% CI [0.39%, 0.91%], p<0.001) lower than the 

consistent acquisition in GE. There was no evidence that the mean atrophy rates from the 

changed and consistent acquisitions were different (p>0.6, both tests) in Philips and 

Siemens. Similar patterns were observed in each diagnosis (see also Figure 2). We did not 

find any statistically significant differences (p>0.4, all tests) in the variances of the measured 

atrophy rates between consistent acquisition and changed acquisition for each manufacturer. 

As shown in Figure 3, the variability in sites with Philips scanners appears to be lower than 

Siemens and GE. In addition, we found that the GM-CSF ratio between the non-accelerated 

and accelerated scans in GE had a difference of 6.3% (p<0.001) (see Table 3). The GM-CSF 

and WM-GM ratios between non-accelerated and accelerated scans in Philips and Siemens 

were less than 1%.

Table 4 shows the brain atrophy rates calculated from fluid-based non-rigid registration 

using consistent and changed acquisitions. Mean atrophy rates from the changed acquisition 

were 0.29% (95% CI [0.11%, 0.47%], p=0.002) higher than the consistent acquisition in 

Leung et al. Page 4

Neuroimage. Author manuscript; available in PMC 2016 February 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Philips. There was no evidence that the mean atrophy rates from the changed and consistent 

acquisitions were different (p>0.4, both tests) in GE and Siemens. Similar patterns were 

observed in each diagnosis (see also Figure 4).

3.1. Posthoc analysis

The results so far suggested that the effect on the atrophy rate estimated by KN-BSI in GE 

might be due to the difference in GM-CSF ratio between the non-accelerated and accelerated 

scans in GE. In this posthoc analysis, we modified the intensity normalisation procedure in 

KN-BSI. In Leung et al. (2010), the intensity of the repeat scans was mapped to the baseline 

scans (and vice versa) using simple linear regression (mean CSF, GM, WM and whole brain 

intensities as data points). Here, we replaced it by piece-wise linear regression (mean CSF, 

GM and WM intensities as data points) (Nyúl and Udupa, 1999), in order to model the non-

linear tissue contrast change. In the piece-wise linear regression, the intensity range of the 

baseline and repeat scans were divided into two sections by the mean GM intensity. For the 

voxels with intensity lower than mean GM intensity, the mean CSF and GM intensities were 

used to perform the linear regression and intensity normalisation. Likewise, for the voxels 

with intensity higher than mean GM intensity, the mean GM and WM intensities were used 

to perform the linear regression and intensity normalisation.

Table 5 shows the brain atrophy rates (% baseline volume) calculated from baseline and 12-

month scans when using piece-wise linear regression (instead of simple linear regression) in 

the intensity normalisation procedure in KN-BSI. Mean atrophy rates from the changed 

acquisition were 0.40% (95% CI [0.15%, 0.65%], p=0.002) lower than the consistent 

acquisition in GE. Compared to table 2, using piece-wise linear regression can reduce the 

difference between the brain atrophy rate calculated using consistent and changed 

acquisitions in GE.

4. Conclusions and Discussion

We found that the effect on KN-BSI and fluid-based non-rigid registration when changing 

from non-accelerated to accelerated MRI during follow-up depended on the scanner 

manufacturer. For KN-BSI, the change caused a mean reduction of 0.65% in the brain 

atrophy rate in GE, whereas in Philips and Siemens, the change had little impact on the 

mean atrophy rate (reduction of 0.051% in Philips and -0.035% in Siemens). The effect on 

the atrophy rate estimated by KN-BSI in GE is likely due to the difference in GM-CSF ratio 

between the non-accelerated and accelerated scans in GE (6.3% difference between non-

accelerated and accelerated scans). This is because KN-BSI assumes that the intensities of 

different tissues in the baseline and repeat scans have a linear relationship, and in this case, 

the GM-CSF ratio between the non-accelerated and accelerated scans in GE changed while 

the WM-GM ratio remained similar. Although WM-GM ratio changes significantly 

(p=0.004) for Philips, the difference is relatively small (0.7% difference between the non-

accelerated and accelerated scans - an order of magnitude smaller than GE). When using 

piece-wise linear regression instead of simple linear regression, in the intensity 

normalisation in KN-BSI, the difference between the mean atrophy rates between consistent 

and changed acquisitions in GE was reduced to 0.40% from 0.65%.
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For fluid-based non-rigid registration, the change caused a mean increase of 0.29% in the 

brain atrophy rate in the changed acquisition compared to consistent acquisition in Philips, 

whereas in GE and Siemens, the change had less impact on the mean atrophy rate (increase 

of 0.18% in GE and 0.049% in Siemens). As normalised cross correlation was used in the 

fluid-based registration, it was not affected by the tissue contrast change in GE. Since the 

fluid-based non-rigid registration is sensitive to the level of noise in the baseline and repeat 

scans, the brain atrophy reduction may be caused by different noise characteristics in the 

non-accelerated and accelerated scans.

Across different sites with the same scanner vendor, the effect on KN-BSI when changing 

from non-accelerated to accelerated MRI during follow-up showed minor differences. The 

variability in sites with Philips scanners appear to be more consistent than Siemens and GE.

A change in tissue contrast between the baseline and repeat has been shown to affect BSI 

(Preboske et al., 2006). Switching from a conventional SPGR to a fast SPGR sequence 

caused a change of 0.43% in BSI (the fast SPGR acquired a fractional echo which in turn 

exacerbates local susceptibility artifacts, and used a different implementation of spoiler 

gradients). In addition, changing the flip angle in the repeat scan from 25° to 12° and 5° 

caused a change of 1.85% and 30.45% in BSI (relative to the BSI using the flip angle of 25° 

in both baseline and repeat scans). Consistent acquisition is crucial for atrophy rate 

measurement using BSI and KN-BSI.

Another related study compared brain atrophy rates (using a similar pipeline to KN-BSI) of 

consistent acquisitions with different acceleration factors and head coil types in a Siemens 

scanner (Krueger et al., 2012). Brain atrophy rates of consistent accelerated acquisitions 

with an acceleration factor less than 5 were found to be similar. However, a systematic 

difference of 0.5% was observed in whole-brain BSI between consistent acquisitions using 

32- and 12-channel coils, and the authors stated that it could arise from differences in 

repositioning and shims after the coil change during the scanning session.

The difference in tissue contrast between non-accelerated and accelerated scans in GE does 

not appear to be caused by the reconstruction algorithm. Philips uses SENSE recontruction 

(Pruessmann et al., 1999) and GE uses the closely related ASSET method, while Siemens 

uses GRAPPA recontruction (Griswold et al., 2002). The difference also does not appear to 

relate to the looping order of the phase-encoded views, because both GE and Siemens 

encode ky in the outer loop and kz in the inner loop while Philips does the opposite. 

Similarly, as the pixel size between the accelerated and non-accelerated acquisitions is most 

different in Philips, the slight variation in pixel size between the accelerated and non-

accelerated acquisitions does not seem to be the source of the variation. The accelerated 

scans are acquired with slightly larger pixels to partially compensate for the SNR reduction 

associated with parallel imaging, which can be needed unless a 32-channel head coil is used 

(Krueger et al., 2012). Note, however, from Table 1 that the GE pixel size change is 

intermediate between Siemens and Philips. Eliminating these varying factors suggests to us 

that the difference in acquisition technique (IR-FSPGR vs. MP-RAGE) is the primary source 

of the observed difference in BSI measures, although our analysis of the ADNI data in this 
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study does not demonstrate this directly, as there are other software and hardware 

differences between the scanners from different vendors.

Previous studies have compared atrophy rates calculated from consistent non-accelerated 

acquisition and consistent accelerated acquisition (Ching et al., 2012, 2014). The authors 

estimated atrophy rates from ADNI scans using tensor-based morphometry. They found that 

the estimated atrophy rates from consistent non-accelerated acquisition and consistent 

accelerated acquisition were very similar, and that they had similar power to track brain 

changes. We are not aware of any previous study comparing atrophy rates calculated from 

consistent and changed acquisitions.

The current study only investigated the effects on KN-BSI of changing from non-accelerated 

to accelerated MRI in repeat scans in brain atrophy measurement. And we only used the 

non-accelerated and accelerated MP-RAGE/IR-SPGR scans acquired from GE, Philips and 

Siemens scanners. The difference in atrophy rate between consistent and changed 

acquisition did not appear to depend on the diagnosis of the subjects, although only a small 

number of AD subjects in ADNI was available at the time of the study. Furthermore, similar 

analysis should be repeated in a different study to investigate the generality of the results 

and conclusions.

A strong point of the current study is the relatively large number of subjects provided by 

ADNI. Also, ADNI is a multi-centre study, and the accelerated and non-accelerated scans 

were acquired on the same scanning session for all the subjects.

Going from non-accelerated baseline scans to accelerated scans for follow-up may have 

surprisingly little effect on computed atrophy rates depending on the exact sequence details 

and the scanner manufacturer, so that accidentally inconsistent scans of this nature could 

still be used.

Supplementary Material
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Highlights

Repeat scans may accidently be acquired with accelerated instead of non-accelerated 

acquisition.

We study the impact on atrophy rate when going from non-accelerated to accelerated 

acquisitions

Little impact on KN-BSI in Philips and Siemens scanners, but mean reduction of 0.65% 

in GE

Little impact on non-rigid registration in GE and Siemens, but mean increase of 0.29% in 

Philips

Moving from non-accelerated scans to accelerated scans may have surprisingly little 

effect
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Figure 1. 
Examples of non-accelerated and accelerated scans from each manufacturer.

Leung et al. Page 11

Neuroimage. Author manuscript; available in PMC 2016 February 15.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2. 
Bland-Altman plots of the difference in brain atrophy rate between the consistent and 

changed acquisition using KN-BSI. The dotted lines show the mean and mean±1.96*SD of 

the difference.
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Figure 3. 
Difference in brain atrophy rate between the consistent and changed acquisitions using KN-

BSI against site ID.
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Figure 4. 
Bland-Altman plots of the difference in brain atrophy rate between the consistent and 

changed acquisition using fluid-based non-rigid registration. The dotted lines show the mean 

and mean±1.96*SD of the difference.
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Table 1

Summary of non-accelerated and accelerated MRI protocols for T1-weighted scans in ADNI-GO and ADNI-2.

Manufacturer TR/MPRAGE TR (ms) TE (ms) TI (ms) Flip angle (°) Slice thickness (mm) Acquired 
pixel 
dimensions 
(mm)

Scan time (min:sec)

GE Non-accelerated 7.0 –7.7/na 2.8 – 3.2 400 11 1.20 1.02 × 1.02 9:41

Accelerated 7.0 –7.7/na 2.8 – 3.2 400 11 1.20 1.05 × 1.05 5:34

Philips Non-accelerated 6.8/2500 3.1 900 9 1.20 1.00 × 1.00 9:07

Accelerated 6.8/2500 3.1 900 9 1.20 1.11 × 1.11 5:34

Siemens Non-accelerated 7.1/2300 3.0 900 9 1.20 1.00 × 1.00 9:14

Accelerated 7.0/2300 3.0 900 9 1.20 1.05 × 1.05 5:12
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Table 2

Mean (SD) brain atrophy rate (% baseline volume) calculated from baseline and 12-month scans using KN-

BSI, and the difference [95% CI] in mean brain atrophy rate between the consistent and changed acquisitions.

Manufacturer Consistent acquisition (baseline 
non-accelerated and repeat non-
accelerated scans)

Changed acquisition (baseline 
non-accelerated and repeat 
accelerated scans)

Difference (changed - consistent)

GE All (n=76) 1.099 (0.924) 0.449 (0.897) −0.650 [−0.940, −0.360], p<0.001
*

NC (n=20) 0.841 (0.897) 0.341 (0.759)
−0.500 [−0.985, −0.015], p=0.04

*

EMCI (n=34) 1.093 (0.841) 0.314 (0.779)
−0.780 [−1.160, −0.399], p<0.001

*

LMCI (n=14) 1.020 (0.956) 0.456 (0.955) −0.565 [−1.232, 0.102], p=0.09

AD (n=8) 1.901 (1.308) 1.280 (1.261) −0.621 [−1.293, 0.051], p=0.07

Philips All (n=90) 0.800 (0.754) 0.852 (0.736) 0.051 [−0.173, 0.276], p=0.7

NC (n=25) 0.510 (0.652) 0.563 (0.637) 0.054 [−0.316, 0.423], p=0.8

EMCI (n=34) 0.663 (0.628) 0.754 (0.656) 0.091 [−0.220, 0.403], p=0.6

LMCI (n=24) 0.974 (0.734) 0.983 (0.663) 0.010 [−0.372, 0.391], p>0.9

AD (n=7) 1.910 (0.696) 1.903 (0.776) −0.007 [−0.917, 0.902], p>0.9

Siemens All (n=256) 0.729 (0.793) 0.694 (0.787) −0.035 [−0.170, 0.101], p=0.6

NC (n=71) 0.587 (0.629) 0.551 (0.623) −0.035 [−0.225, 0.154], p=0.7

EMCI (n=118) 0.678 (0.779) 0.623 (0.767) −0.055 [−0.242, 0.133], p=0.6

LMCI (n=56) 0.958 (0.972) 0.951 (0.952) −0.006 [−0.332, 0.320], p>0.9

AD (n=11) 1.036 (0.651) 1.075 (0.691) 0.0394 [−0.526, 0.605], p=0.9

*
Results with p < 0.05 are marked with.
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Table 3

Geometric means [95% CI] of the tissue contrast ratios and their differences (in terms of ratio).

Manufacturer Non-accelerated Accelerated Difference (non-accelerated/ accelerated)

GE (n=76) GM-CSF ratio 2.607 [2.565, 2.649] 2.452 [2.417, 2.488]
1.063 [1.040, 1.089], p<0.001

*

WM-GM ratio 1.459 [1.451, 1.466] 1.446 [1.439, 1.454]
1.008 [1.001, 1.016], p=0.02

*

Philips (n=90) GM-CSF ratio 2.343 [2.320, 2.367] 2.322 [2.298, 2.347] 1.009 [0.995, 1.024], p=0.2

WM-GM ratio 1.408 [1.404, 1.413] 1.398 [1.394, 1.403]
1.007 [1.002, 1.012], p=0.004

*

Siemens (n=256) GM-CSF ratio 2.411 [2.396, 2.427] 2.407 [2.392, 2.422] 1.002 [0.993, 1.011], p=0.7

WM-GM ratio 1.436 [1.433, 1.439] 1.434 [1.431, 1.437] 1.001 [0.998, 1.004], p=0.4

*
Results with p < 0.05 are marked with. CSF: cerebrospinal fluid, GM: grey matter, and WM: white matter.
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Table 4

Mean (SD) brain atrophy rate (% baseline volume) calculated from baseline and 12-month scans using fluid-

based non-rigid registration, and the difference [95% CI] in mean brain atrophy rate between the consistent 

and changed acquisitions.

Manufacturer Consistent acquisition (baseline 
non-accelerated and repeat non-
accelerated scans)

Changed acquisition (baseline 
non-accelerated and repeat 
accelerated scans)

Difference (changed - consistent)

GE All (n=76) 0.921 (0.857) 1.098 (0.876) 0.177 [0.101, 0.455], p=0.2

NC (n=20) 0.760 (0.724) 0.965 (0.794) 0.205 [−0.300, 0.710], p=0.4

EMCI (n=34) 0.735 (0.640) 0.897 (0.642) 0.163 [−0.132, 0.457], p=0.3

LMCI (n=14) 1.187 (0.947) 1.363 (0.978) 0.177 [−0.432, 0.785], p=0.6

AD (n=8) 1.650 (1.360) 1.812 (1.345) 0.170 [−0.890, 1.229], p=0.7

Philips All (n=90) 0.614 (0.5537) 0.904 (0.552) 0.290 [0.123, 0.456], p=0.001
*

NC (n=25) 0.383 (0.491) 0.686 (0.508)
0.303 [0.007, 0.599], p=0.05

*

EMCI (n=34) 0.492 (0.424) 0.751 (0.441)
0.259 [0.045, 0.473], p=0.02

*

LMCI (n=24) 0.796 (0.523) 1.101 (0.473)
0.305 [0.047, 0.563], p=0.02

*

AD (n=7) 1.413 (0.605) 1.751 (0.483) 0.338 [−0.252, 0.928], p=0.5

Siemens All (n=256) 0.803 (0.543) 0.852 (0.555) 0.048 [ − 0.045, 0.142], p=0.4

NC (n=71) 0.674 (0.449) 0.712 (0.464) 0.038 [−0.094, 0.170], p=0.6

EMCI (n=118) 0.750 (0.526) 0.802 (0.544) 0.051 [−0.075, 0.178], p=0.4

LMCI (n=56) 1.016 (0.616) 1.082 (0.610) 0.064 [−0.148, 0.277], p=0.6

AD (n=11) 1.122 (0.507) 1.146 (0.524) 0.024 [−0.441, 0.489], p>0.9

*
Results with p < 0.05 are marked with.
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Table 5

Mean (SD) brain atrophy rate (% baseline volume) calculated from baseline and 12-month scans when using 

piece-wise linear regression (instead of simple linear regression) in the intensity normalisation procedure in 

KN-BSI, and the difference 95% CI] in mean brain atrophy rate between the consistent and changed 

acquisitions.

Manufacturer Consistent acquisition (baseline 
non-accelerated and repeat non-
accelerated scans)

Changed acquisition (baseline 
non-accelerated and repeat 
accelerated scans)

Difference (changed - consistent)

GE All (n=76) 1.063 (0.887) 0.663 (0.884) −0.399 [−0.684, −0.114], p=0.006
*

NC (n=20) 0.810 (0.723) 0.480 (0.743) −0.330 [−0.799, 0.139], p=0.2

EMCI (n=34) 1.956 (0.738) 0.504 (0.720)
−0.451 [−0.790, −0.113], p=0.01

*

LMCI (n=14) 1.193 (0.917) 0.828 (0.906) −0.365 [−1.003, 0.302], p=0.3

AD (n=8) 1.921 (1.326) 1.510 (1.345) −0.411 [−1.122, 0.301], p=0.2

Philips All (n=90) 0.762 (0.788) 0.722 (0.778) −0.041 [−0.275, 0.194], p=0.7

NC (n=25) 0.449 (0.659) 0.368 (0.686) −0.081 [−0.480, 0.318], p=0.7

EMCI (n=34) 0.667 (0.622) 0.648 (0.648) −0.020 [−0.324, 0.285], p=0.9

LMCI (n=24) 0.891 (0.834) 0.880 (0.768) −0.011 [−0.440, 0.418], p>0.9

AD (n=7) 1.900 (0.796) 1.800 (0.714) −0.0100 [−1.040, 0.841], p=0.8

Siemens All (n=256) 0.684 (0.768) 0.666 (0.780) −0.018 [−0.151, 0.116], p=0.8

NC (n=71) 0.541 (0.576) 0.521 (0.623) −0.020 [−0.198, 0.157], p=0.8

EMCI (n=118) 0.641 (0.788) 0.611 (0.784) −0.030 [−0.219, 0.160], p=0.8

LMCI (n=56) 0.899 (0.914) 0.893 (0.916) −0.006 [−0.319, 0.307], p>0.9

AD (n=11) 0.971 (0.579) 1.035 (0.600) 0.064 [−0.417, 0.545], p=0.8

*
Results with p < 0.05 are marked with.
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