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Abstract

Objective The aim of this study was to examine and

compare two automated quantitative software tools

(PMOD and MIMneuro) for the quantification of amyloid

positron emission tomography (PET).

Methods A total of 30 subjects—15 Alzheimer’s disease

(AD) patients and 15 cognitively normal age- and sex-

matched controls—were enrolled. All subjects underwent

structural volumetric magnetic resonance imaging (MRI)

and amyloid PET scans with F-18 florbetaben. Regional

standardized uptake value ratios (SUVRs) using the cere-

bellar cortex as a reference region were obtained using

PMOD and MIMneuro.

Results The SUVRs using both PMOD and MIMneuro

showed high discriminatory power between the AD

patients and cognitively normal controls. While PMOD and

MIMneuro yielded significantly different SUVRs in some

brain regions, the two methods had good overall

agreement.

Conclusion MIMneuro provides comparable performance

to PMOD without the need to acquire brain MRI. There-

fore, MIMneuro might be suitable for clinical use to

determine amyloid positivity.

Keywords Quantification � Florbetaben � PET � b-
Amyloid � Alzheimer’s disease

Introduction

Amyloid plaque deposition in the brain is a primary

pathology of Alzheimer’s disease (AD) [1]. Positron

emission tomography (PET) tracers with high affinities for

amyloid b (Ab) plaques allow for the in vivo assessment of

cortical amyloid burden [2], which was previously possible

only at autopsy. Since F-18-labeled amyloid tracers were

approved by the US Food and Drug Administration (FDA)

for clinical use, amyloid PET imaging has been widely

applied in clinical practice as well as AD studies [3–5].

Although visually rating amyloid PET is relatively

simple and is the standard in clinical practice, quantifica-

tion is often used to support standard visual reads in bor-

derline cases and to monitor changes over time. Recently,

pharmacologic research in AD has focused on the devel-

opment of disease-modifying drugs that interfere with

amyloid deposition. These clinical trials have used amyloid

PET as a surrogate marker for study eligibility and for

disease monitoring [6, 7]. Because the effects of anti-

amyloid treatment on the PET signal are subtle, it is dif-

ficult to detect signal changes using only visual comparison

[6, 7]. Therefore, accurate and reproducible quantification

of brain amyloid burden is crucial for monitoring treatment

efficacy.

Quantitative assessment of amyloid PET often relies on

the computation of standardized uptake value ratios

(SUVRs), which are ratios of activity in brain regions

demonstrating high amyloid burden to that in a reference

region with a low likelihood of amyloid deposition. Several

software tools that automatically identify brain volumes of
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interest (VOIs) and quantify regional amyloid load, such as

Statistical Parametric Mapping (SPM), PMOD, and Free-

Surfer, have been used in many studies. These software

tools use the structural magnetic resonance imaging (MRI)

data from each participant to calculate SUVRs, except for

SPM, which can obtain SUVRs with or without MRI data.

Acquiring additional MRI images increases time and cost.

Furthermore, these tools are not easy to handle, and anal-

ysis processes take from tens of minutes to tens of hours.

MIMneuro is a recently developed software package for

clinical use that automatically quantifies regional amyloid

load. MIMneuro computes regional SUVRs using PET

imaging data without a need for structural T1-weighted

MRI data. This is an important advantage when obtaining

an appropriate brain MRI is not feasible. Amyloid PET

quantification that does not require brain MRI simplifies

image processing and reduces time and cost. However,

MIMneuro has not undergone a rigorous peer-review pro-

cess to establish its validity and suitability for diagnosis.

To our knowledge, no study has compared MIMneuro to

other established research methods. The aim of this study

was thus to examine and compare MIMneuro to PMOD, an

established research method, in terms of its ability to

quantify amyloid PET.

Materials and methods

Subjects

This retrospective study included 15 AD patients

(75.0 ± 9.2 years; 6 male, 9 female; Korean version of

mini-mental state examination (MMSE) [8] score

17.6 ± 4.4; clinical dementia rating (CDR) [9] score

1.3 ± 0.5) and 15 cognitively normal age- and sex-mat-

ched controls (73.8 ± 6.5 years; 6 male, 9 female; MMSE

score 26.9 ± 0.9; CDR score 0 ± 0) who were recruited

from the outpatient psychiatric clinic of St. Vincent’s

Hospital of The Catholic University Korea. The AD patient

group fulfilled the National Institute of Neurological and

Communicative Disorders and Stroke and the Alzheimer’s

Disease and Related Disorders Association criteria for

probable AD [10] and had a score on the CDR score of C1

[9]. We excluded subjects who had other neurologic or

psychiatric conditions (including other forms of dementia

or depression) and those taking any psychotropic medica-

tions (e.g., cholinesterase inhibitors, antidepressants, ben-

zodiazepines, and antipsychotics). All participants

underwent a neuropsychological assessment, brain MRI,

and amyloid PET/computed tomography (CT) using F-18

florbetaben.

The study was conducted in accordance with the ethical

and safety guidelines set forth by the institutional review

board of our institution. The ethical committee of our

institution does not require patient consent for retrospective

review of imaging studies.

Image data acquisition

Amyloid PET

Combined PET/CT in-line systems (Gemini TF, Philips

Healthcare, Best, The Netherlands) were used to acquire all

data. An average of 300 MBq florbetaben was injected

intravenously, and scanning began 90 min later. A low-

dose CT scan was performed for attenuation correction and

was immediately followed by PET imaging in three-di-

mensional (3D) mode for 20 min. The subject’s head was

immobilized with a head holder to minimize motion arti-

facts. Images were reconstructed using the standard

ordered subset expectation maximization (OSEM) algo-

rithm (subset 33, iteration 3).

MRI

All participants underwent MRI scans on a 3-T whole-body

scanner equipped with an eight-channel phased-array head

coil (Verio, Siemens, Erlangen, Germany). The scanning

parameters of the T1-weighted 3D magnetization-prepared

rapid gradient-echo (MPRAGE) sequences were as fol-

lows: echo time 2.5 ms, repetition time 1900 ms, inversion

time 900 ms, flip angle 9.0�, field of view 250 9 250 mm,

matrix 256 9 256, and voxel size 1.0 9 1.0 9 1.0 mm3.

Image processing

PMOD-based analysis

All imaging data were processed using the PMOD

PNEURO software tool (version 3.7, PMOD Technologies

Ltd., Zürich, Switzerland). The 3D T1-weighted MRI

images were automatically segmented into gray matter,

white matter, and cerebrospinal fluid, and individual gray

matter probability maps were calculated. The segmented

MRI and PET images from each subject were co-regis-

tered, and then individual MRI images were normalized

into the standard Montreal Neurological Institute (MNI) T1

template. The transformation parameters of the MR nor-

malization were applied to the corresponding PET images.

All images were visually checked for correct co-registra-

tion and appropriate segmentation. The automated ana-

tomic labeling (AAL) atlas [11] was subsequently applied.

The final VOI template for VOI analysis was obtained

using the intersection of the atlas region with the gray

matter probability map (mask threshold of 0.3). Some AAL

VOIs were combined into the following seven VOIs for
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quantitative analysis (Fig. 1): frontal cortex (F1O, F2O,

F3O, FMO, and GR), lateral temporal cortex (T1, HES, T2,

and T3), parietal cortex (P1, P2, and SMG), anterior cin-

gulate (ACIN), posterior cingulate (PCIN), precuneus

(PQ), and cerebellar cortex (cerebellum crus 1 and 2).

Dividing the standardized uptake values of the regional

VOIs by that of the cerebellar cortex as the reference

region resulted in the regional SUVRs. The SUVRs for the

six regions were then averaged together to generate the

mean cortical SUVR.

MIM-based analysis

MIMneuro (version 6.3, MIM Software Inc., Cleveland, OH,

USA) uses the ‘‘positive’’, ‘‘negative’’, and ‘‘average’’ flor-

betaben templates as the target for the florbetaben PET

registration. These templates were created by aligning 10

positive and 10 negative scans to the Florbetapir PET tem-

plates. The first step is a nine-parameter affine registration,

where the image is simultaneously aligned to three flor-

betaben PET templates (‘‘positive’’, ‘‘negative’’, and ‘‘av-

erage’’). This affine registration is then used to initialize a

landmark-based thin-plate spline with deformable registra-

tion using several hundred landmarks located throughout the

brain. This also optimizes the registration through image

similarity metrics to all three templates simultaneously.

The MIM amyloid atlas was defined using 10 T1 MRI

scans in conjunction with standard MIM contouring tools

used by an anatomist and expert physicians in the field. The

MRI scans were fused to the corresponding florbetaben

PET scans for each patient. The florbetaben PET scans

were then registered to template space using MIMneuro’s

multi-template deformable registration, and the same reg-

istration was applied to the MRI scan that was aligned to

the florbetaben PET. This process allowed the MRI-defined

atlas regions to be transformed to template space using the

florbetaben PET deformable registration. The 10 contours

for each structure were then combined using Majority Vote

into a single atlas region where at least five of the 10

contours overlapped for that structure. In a similar manner,

gray matter and white matter masks were defined on each

T1 MRI using FreeSurfer, and the contours were trans-

formed into template space using the deformable registra-

tion from an aligned florbetaben PET scan. Final gray

matter and white matter contours were created from the

overlap of at least five of the 10 corresponding contours in

the template space. The white matter mask was then used

to remove the white matter from each atlas contour to

create the final gray matter atlas regions in the MIM

amyloid atlas.

Analysis regions included the frontal cortex (inferior

medial frontal gyrus), lateral temporal cortex, parietal

cortex (superior parietal lobule), anterior cingulate, pos-

terior cingulate, and precuneus (Fig. 1). As with

PNEURO, regional SUVRs and mean cortical SUVR

were calculated.

Fig. 1 Volumes of interest (VOIs) used in PMOD (a) and MIMneuro

(b). VOIs were defined for the frontal cortex (blue), lateral temporal

cortex (green), parietal cortex (yellowish green), anterior cingulate

(yellow), posterior cingulate (orange), precuneus (light blue), and

cerebellar cortex (pink)
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Statistical analysis

Statistical analysis was performed using the statistical pack-

age for social sciences (SPSS) software (version 21.0, IBM

Corp., Armonk, NY, USA) and MedCalc (version 12.2.1,

MedCalc Software,Mariakerke, Belgium). Group differences

in SUVRs were assessed using a Mann–Whitney U test.

AWilcoxon signed-rank testwas used to compare the PMOD-

based SUVRs with MIMneuro-based SUVRs. No correction

for multiple comparisons was applied. Effect sizes of the

SUVRdifferences between groupswere expressed asCohen’s

d. Receiver operating characteristic (ROC) analyses were

used on mean cortical SUVRs to evaluate diagnostic power.

Areas under the curve (AUCs)were calculated, and sensitivity

and specificity were computed at the optimal cutoff points for

both methods. The AUCs resulting from these ROC analyses

were tested for differences according to the approach of

DeLong and colleagues [12]. Correlations between SUVRs

derived fromPMOD andMIMneuro, and correlation between

mean cortical SUVR and clinical parameters in AD patients

were calculated using a Spearman correlation coefficient.

Inter-rater reliability was assessed using an intraclass corre-

lation coefficient (ICC) between PMOD and MIMneuro. A

p value of\0.05 was considered statistically significant.

Results

For both methods, SUVRs in all brain VOIs were signifi-

cantly higher in AD patients compared to cognitively

normal controls (Table 1).

The effect sizes of SUVRs for group discrimination

between the AD patients and cognitively normal controls

using both methods are shown in Table 1. On a regional

level, the best group discrimination was achieved by

MIMneuro for lateral temporal cortex SUVR (Cohen’s

d = 2.10). The effect size of the mean cortical SUVR is

higher for PMOD than for MIMneuro (Table 1).

In the AD patients, regional SUVR of the anterior cin-

gulate was significantly lower using MIMneuro than

PMOD, while SUVR of the precuneus was significantly

higher using MIMneuro. In the cognitively normal con-

trols, SUVRs of the anterior cingulate and the frontal

cortex were significantly lower using MIMneuro than

PMOD, whereas SUVRs of the parietal cortex were sig-

nificantly higher using MIMneuro. There was no signifi-

cant difference between mean cortical SUVRs obtained

using either method for both AD patients and cognitively

normal controls (Table 2). Regional SUVRs using both

Table 1 Comparison of SUVRs between patients with Alzheimer’s disease and cognitively normal controls

PMOD MIMneuro

AD NCs p d AD NCs p d

Frontal cortex 2.03 ± 0.33 1.45 ± 0.27 0.006 1.90 2.00 ± 0.35 1.31 ± 0.32 \0.001 2.03

Lateral temporal cortex 1.88 ± 0.30 1.35 ± 0.22 \0.001 2.05 1.84 ± 0.26 1.33 ± 0.23 \0.001 2.10

Parietal cortex 1.89 ± 0.31 1.36 ± 0.22 \0.001 1.99 1.94 ± 0.25 1.49 ± 0.23 \0.001 1.82

Anterior cingulate 1.92 ± 0.35 1.39 ± 0.28 \0.001 1.67 1.76 ± 0.41 1.30 ± 0.32 \0.001 1.24

Posterior cingulate 2.06 ± 0.36 1.45 ± 0.25 \0.001 1.99 2.09 ± 0.38 1.49 ± 0.27 \0.001 1.81

Precuneus 1.97 ± 0.36 1.37 ± 0.27 \0.001 1.91 2.05 ± 0.37 1.41 ± 0.31 \0.001 1.87

Mean cortical SUVR 1.96 ± 0.32 1.39 ± 0.24 \0.001 1.99 1.95 ± 0.32 1.39 ± 0.27 \0.001 1.88

AD patients with Alzheimer’s disease, NCs cognitively normal controls, p statistical significance determined by Mann–Whitney U test, d Cohen’s

effect size

Table 2 Comparison between

SUVRs calculated using two

software tools

AD (n = 15) NCs (n = 15)

PMOD MIMneuro p PMOD MIMneuro p

Frontal cortex 2.03 ± 0.33 2.00 ± 0.35 0.258 1.45 ± 0.27 1.31 ± 0.32 0.001*

Lateral temporal cortex 1.88 ± 0.30 1.84 ± 0.26 0.182 1.35 ± 0.22 1.33 ± 0.23 0.451

Parietal cortex 1.89 ± 0.31 1.94 ± 0.25 0.256 1.36 ± 0.22 1.49 ± 0.23 0.001*

Anterior cingulate 1.92 ± 0.35 1.76 ± 0.41 0.004* 1.39 ± 0.28 1.30 ± 0.32 0.008*

Posterior cingulate 2.06 ± 0.36 2.09 ± 0.38 0.328 1.45 ± 0.25 1.49 ± 0.27 0.125

Precuneus 1.97 ± 0.36 2.05 ± 0.37 0.006* 1.37 ± 0.27 1.41 ± 0.31 0.105

Mean cortical SUVR 1.96 ± 0.32 1.95 ± 0.32 0.551 1.39 ± 0.24 1.39 ± 0.27 0.889

AD patients with Alzheimer’s disease, NCs cognitively normal controls, p statistical significance based on

Wilcoxon signed-rank test, * p\ 0.05
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methods were strongly correlated for all brain VOIs

(p\ 0.001) (Table 3).

To evaluate the ability of the mean cortical SUVRs from

both methods to discriminate between AD patients and

cognitively normal controls, the optimal cutoff values were

determined using ROC analyses. The AUC was 0.907 for

PMOD and 0.876 for MIMneuro (Fig. 2). The two com-

pared areas were not significantly different (p = 0.1969).

According to the ROC analyses, the optimal mean cortical

SUVR cutoff value was 1.48 for PMOD and 1.50 for

MIMneuro. Both methods had the same performance

(sensitivity 93.3 %, specificity 73.3 %, negative predictive

value 91.6 %, and positive predictive value 77.8 %). The

ICC value for inter-rater reliability for both methods was

calculated to be 0.99 (p\ 0.001).

Correlation between mean cortical SUVR and clinical

parameters (age, MMSE, and CDR) was also evaluated in

AD patients (Table 4). The mean cortical SUVR derived

using MIMneuro had a significant negative correlation with

MMSE (p = 0.35), whereas the mean cortical SUVR

derived using PMOD was not.

Discussion

Lopresti et al. [13] proposed a simple method for the quan-

tification of amyloid PET using SUVRs. This method has

been widely used because it does not require dynamic scans

or blood sampling. The regions for the SUVRs usually

include cortical areas known to accumulate amyloid plaques

(frontal, lateral temporal, parietal cortices, anterior, posterior

cingulate, and precuneus) [14–16]. The cerebellar cortex is

frequently used as a reference region because of its low levels

or lack of neuritic plaques [17–19]. Early studies relied on

manual delineation of VOIs for analysis [13, 20, 21]. How-

ever, this method is time consuming, especially for large

datasets, and is less reproducible [22]. More recent studies

have employed software, such as SPM [23–25], PMOD [26],

and FreeSurfer [27, 28], to automatically identify brainVOIs

and quantify regional amyloid load. Several studies have

reported that SUVRs obtained using these software tools

were in good agreement with those obtained by manually

delineated VOIs [29–32]. PMOD PNEURO is a research-

specific toolkit that has been widely used in amyloid PET

research and covers all data processing steps, including

spatial normalization, co-registration, brain segmentation,

automated brain structure outlining, and brain VOI editing

for image quantification [16, 19, 26, 33]. Tuszynsk et al.

reported that quantification using PMOD allows for better

discrimination between AD patients and healthy controls

than other automated methods [29].

In this study, two software tools for automated quan-

tification of amyloid PET were evaluated. PMOD employs

the subject’s own T1-weighted MR images for registration

and delineation of VOIs while MIMneuro relies on stan-

dardized PET template registration. High uptake in the

cerebral white matter has been reported in all amyloid PET

tracers [2, 34–36] and is thought to be related to non-

Table 3 Correlation between regional SUVRs as obtained by PMOD

and MIMneuro

AD (q) NCs (q)

Frontal cortex 0.924 0.805

Lateral temporal cortex 0.936 0.878

Parietal cortex 0.928 0.838

Anterior cingulate 0.914 0.810

Posterior cingulate 0.870 0.914

Precuneus 0.953 0.922

Mean cortical SUVR 0.960 0.896

AD patients with Alzheimer’s disease, NCs cognitively normal con-

trols, q Spearman’s rho, all correlations are significant at p\ 0.001

Fig. 2 Receiver operating characteristic (ROC) curves for mean

cortical SUVRs obtained by PMOD and MIMneuro

Table 4 Correlation between mean cortical SUVRs and clinical

parameters in patients with Alzheimer’s disease

PMOD MIMneuro

q p q p

Age 0.475 0.074 0.457 0.087

MMSE -0.435 0.105 -0.546 0.035*

CDR 0.349 0.202 0.349 0.202

MMSE mini-mental state examination, CDR clinical dementia rating,

q Spearman’s rho, * p\ 0.05
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specific binding to myelin [37]. Because the spillover from

the adjacent white matter into gray matter can affect the

quantification of SUVRs, gray matter masks were used. An

individual gray matter mask derived from the segmentation

of the subject’s MRI scan was employed in PMOD,

whereas a normalized mask was used in MIMneuro.

Therefore, the template-based quantification used in

MIMneuro may not fully avoid white matter interference.

The impact of the spillover may be prominent in normal

controls where there is very little amyloid deposition in the

cortical regions but very high non-specific binding in the

white matter. Saint-Aubert et al. reported a significant

increase in frontal, parietal, and posterior cingulate uptake

using PET template-based quantification methods in heal-

thy controls compared to individual MRI-based methods

[38]. Edison et al. also reported that mean SUVRs from a

template-based method in healthy controls were signifi-

cantly greater than those from an MRI-based method in all

cortical regions [39]. Our study indicated that the SUVRs

of the parietal cortex were significantly higher when a PET

template-based method (MIMneuro) was used, while the

SUVRs of the anterior cingulate and the frontal cortex were

significantly lower than those obtained using an MRI-based

method (PMOD) in cognitively normal controls. This dis-

crepancy might be due to different definitions of VOIs. The

VOIs for the anterior cingulate and frontal cortex used in

MIMneuro are relatively small in size and are located in

the medial portion, where the effects of white matter are

relatively small (Fig. 1). Difference in SUVRs of the

frontal cortex was not noted in the AD patients. This may

be due to the highly specific binding of the amyloid tracer

to the frontal gray matter, which would mask any spillover

effect. However, the SUVRs of the precuneus were sig-

nificantly higher when MIMneuro was used. This might be

due to bias related to a small sample size or the specific

binding of the amyloid tracer that would not be sufficient to

conceal the spillover effect. Some differences may cancel

each other out, resulting in no overall significant difference

between the mean cortical SUVRs obtained using the two

software tools in both groups.

There were strong correlations among the SUVRs

obtained using both software tools for all brain regions. In

accordance with a previous study [39], there was a better

correlation in AD patients than in cognitively normal

controls. This may be due to white matter uptake having

less of an effect on SUVR calculations in AD patients

compared to cognitively normal controls.

MMSE was significantly negatively correlated with

mean cortical SUVR using MIMneuro, but not PMOD, in

AD patients, though SUVRs obtained using both methods

were strongly correlated (q = 0.960). This was possibly

due to the small sample size.

The SUVRs obtained using both PMOD and MIMneuro

had high discriminatory power when distinguishing

between AD patients and cognitively normal controls. The

SUVRs derived using both methods were significantly

higher for the AD patients than for the cognitively normal

controls, and effect sizes ranged from 1.24 to 2.10. The

highest effect size for group discrimination was observed

with the lateral temporal cortex SUVR obtained using

MIMneuro. The AUC for MIMneuro was slightly smaller

than the AUC for PMOD. However, MIMneuro had a

100 % classification accordance and equal diagnostic

accuracy to PMOD. Furthermore, the inter-rater reliability

between mean cortical SUVRs calculated using both

methods was very high (ICC = 0.99). In conclusion, both

PMOD and MIMneuro have very good overall agreement,

even though differences in SUVRs may be observed for

some regions.

Several previous studies comparing PET-only methods

with MRI-based methods to quantify amyloid PET have

demonstrated reliable performance of PET-only methods

[39, 40]. However, Saint-Aubert et al. have suggested that

an MRI-based approach shows greater difference between

the AD group and the healthy control group [38]. In this

study, both PMOD and MIMneuro provided comparable

diagnostic performance despite some differences in abso-

lute SUVRs. Because MIMneuro demonstrates good group

discrimination between AD patients and cognitively nor-

mal controls, it may be considered a suitable tool for

clinical diagnostic purposes. MRI segmentation takes time,

and SUVRs cannot be calculated if MRI segmentation is

inadequate, which can occur as frequently as in 5.5 %

using PMOD [26]. Avoiding the need for MRI thus not

only decreases cost, but also allows for more efficient

analysis. MIMneuro is thus a good option for routine

clinical studies, especially when individual MRI data are

not available. However, subtle differences in SUVRs may

be important in monitoring drug efficacy or during longi-

tudinal follow-ups, where changes would be subtle. It

remains to be investigated whether the two methods have

comparable performance in detecting longitudinal changes

and in monitoring the efficacy of anti-amyloid treatment. In

addition, the sample size of this study was small. Thus,

further studies using larger sample sizes are necessary.

In conclusion, MIMneuro provides comparable perfor-

mance to PMOD, without the need for an additional MRI

scan. Therefore, MIMneuro seems to be adequate for

clinical use to determine amyloid positivity or to screen

large study populations.
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