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Abstract

Objective: To investigate partial volume correction (PVC) of 2-[18F]-fluoro-2-Deoxy-D-glucose 

positron emission tomography in Alzheimer disease in a longitudinal context.

Methods: A total of 115 participants were included, including 55 controls, 53 patients with mild 

cognitive impairment, and 7 patients with dementia of the Alzheimer type. Imaging was performed 

at baseline and 24 months. Partial volume corrected vs uncorrected rates of longitudinal change 

were compared for mesial temporal and cortical regions of interest.

Results: Partial volume correction increased apparent uptake, and this effect was greater at 24 

months compared with baseline. Partial volume correction decreased the rate of decline, causing 

an apparent increase in uptake at 24 months compared with baseline. This effect was correlated 

with the structural atrophy.
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Conclusions: These findings suggest that applying PVC in a longitudinal context in Alzheimer 

disease might produce unpredictable results. Accordingly, both PVC corrected and uncorrected 

data should be reported to ensure that the results are physiologically plausible.
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Alzheimer disease (AD) is a progressive neurodegenerative condition and the most common 

cause of dementia.1 Cerebral metabolism is abnormal in AD secondary to synaptic 

dysfunction, and positron emission tomography (PET), using the glucose analogue 2-[18F]-

fluoro-2-Deoxy-D-glucose (18F-FDG) as the radiotracer, has been used extensively in both 

research and clinical investigations to image this.2,3 Overall, the pattern of cerebral 

hypometabolism corresponds to the known distribution of neuropathology in AD, and the 

magnitude of hypometabolism predicts the severity of the clinical syndrome.4–9 As such, 

imaging with 18F-FDG–PET reliably distinguishes between patients and controls in cross-

sectional studies, with a pooled accuracy typically greater than 90%.10–12

A significant challenge for researchers using PET imaging, including 18F-FDG–PET, is the 

partial volume effect (PVE). Partial volume effect occurs when signal from a small structure 

is underestimated because the relatively low resolution of PET data means that a single PET 

voxel may overlap more than one structure and tissue classes.13 This effect occurs for 

structures smaller than 2 times the full width at half maximum (FWHM) of the scanner 

resolution.14In the case of18F-FDG–PET, the result of PVE is to cause an apparent reduction 

in gray matter metabolic activity in regions where its thickness is less than 2 times the 

FWHM, and there is overlap from white matter and cerebrospinal fluid (CSF) regions that 

have low activity. Because the signal for CSF is relatively lower than white matter, the 

attenuation of gray matter signal is greatest for structures that are adjacent to CSF spaces. 

This renders the issue of PVE of special importance given the prominent atrophy in grey 

matter (GM) structures in AD.

A number of methods are currently available to potentially correct for the PVE, collectively 

known as partial volume correction (PVC), and several studies have investigated the effect of 

PVC in AD.13,15,16 These studies, however, have been cross sectional in design, and to the 

best of our knowledge, no studies to date have examined the effect of PVC in a longitudinal 

AD cohort. This is especially important given the increasing use of18F-FDG–PET17 as a 

biomarker in clinical trials to evaluate potential disease-modifying therapies for AD. For the 

role of PVC in a longitudinal context, there are several possible scenarios. The first is that 

PVE is constant across time—that is, it equally affects the measured uptake at all time 

points. If so, PVE may cancel out over time, and therefore, there is no need for PVC in 

longitudinal studies as long as only relative change is of interest. In this case, the 

unnecessary use of PVC may, by virtue of simple data manipulation, introduce noise and 

reduce power.

The second, and more plausible, possibility is that the effect of PVE is not constant across 

time. This would be the case if the atrophy between acquisitions means that the amount of 
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required PVC is greater at successive time points (ie, because of the decrease in the size of 

certain structures and the increase in prominence of CSF spaces). If this is the case, PVE 

cannot be assumed to cancel out and would need to be corrected for at all time points in 

longitudinal studies. The third possibility is that the combination of reduced neuronal uptake 

and atrophy may enhance the sensitivity of FDG-PET for the detection of disease 

progression and thereby be advantageously aided by the lack of PVC through improved 

diagnostic sensitivity.

We report the effect of PVC on 18F-FDG–PET uptake in a longitudinal context in elderly 

controls, patients with mild cognitive impairment (MCI), and patients with dementia of the 

Alzheimer type (DAT). The main aim was to investigate whether the effect of automated 

PVC was equal across time points and, as such, could be assumed to cancel out in 

longitudinal analyses. The second aim was to investigate the relationship between whole-

brain structural atrophy and the degree of PVC.

MATERIALS AND METHODS

Participants

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

Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). The ADNI was launched in 

2003 by the National Institute on Aging, the National Institute of Biomedical Imaging and 

Bioengineering, the Food and Drug Administration, private pharmaceutical companies, and 

nonprofit organizations, as a $60 million, 5-year public-private partnership. The primary 

goal of ADNI has been to investigate whether serial magnetic resonance imaging (MRI), 

PET, other biological markers, and clinical and neuropsychological assessment can be 

combined to measure the progression of MCI and early 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. The ADNI is the result of efforts of many 

coinvestigators from a broad range of academic institutions and private corporations, and 

participants have been recruited from more than 50 sites across the United States and 

Canada. The initial goal of ADNI was to recruit 800 participants, but ADNI has been 

followed by ADNI-GO and ADNI-2. To date, these 3 protocols have recruited more than 

1500 adults aged 55 to 90 years to participate in the research, consisting of cognitively 

normal older individuals, people with early or late MCI, and people with early AD. The 

follow-up duration of each group is specified in the protocols for ADNI-1, ADNI-2, and 

ADNI-GO. Participants originally recruited for ADNI-1 and ADNI-GO had the option to be 

followed up in ADNI-2. For up-to-date information, see www.adni-info.org.

For the present study, data were obtained from participants in ADNI-1 who had both T1-

structural MRI volumes and 18F-FDG–PET acquisitions acquired approximately 2 years 

apart (M = 26.30 months, SE = 0.14 between acquisitions). The ADNI database was first 

accessed and the complete standardized MRI data set was downloaded. This data set is 
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recommended by the ADNI group for use by the research community, as the data have been 

checked to ensure minimum quality control standards.18 From this data set, those with T1 

structural scans at months 12 and 36 were extracted. These time points were chosen 

essentially arbitrarily, except that they were selected by estimation to result in the maximum 

number of participants with data separated by 24 months. Participants without 

corresponding FDG-PET images at each time point were then excluded. This resulted in 115 

participants, corresponding to healthy controls (HCs), MCI, and DAT. The clinical 

characteristics of the ADNI cohort, including diagnostic criteria for each group, are 

described elsewhere.19 Demographic details of the sample are shown in Table 1.

Image Acquisition

MPRAGE T1 structural volumes were downloaded from the ADNI database in the most 

preprocessed and quality checked forms available. Full details of the ADNI structural MRI 

protocol are detailed elsewhere.20 Briefly, images acquired on GE and Siemens systems with 

transmit-receive head radiofrequency coils underwent gradwarp processing to correct for 

gradient nonlinearity. Those images acquired on GE and Siemens systems with receive-only 

head radiofrequency coils underwent additional B1 nonuniformity correction. As per the 

ADNI protocol, all MRAGE images underwent N3 correction to reduce intensity 

nonuniformity and were spatially scaled to control for inter scanner variation based on the 

acquisition of a phantom image acquired immediately after each participant was scanned.

Images on 18F-FDG–PET were downloaded in their most preprocessed form, and full details 

of acquisition and preprocessing have been published.5 By way of brief description, 

preprocessing for dynamically acquired images began with coregistering and averaging. As 

per the ADNI preprocessing pipeline, all images were then reoriented to a standard image 

matrix with uniform voxel size (1.5 mm cubic) and were then filtered with a scanner-specific 

function to produce smoothed images with a uniform isotropic resolution of 18-mm FWHM 

(the approximate resolution of the lowest resolution scanners in the ADNI study).

Partial Volume Correction

Partial volume correction was performed on 18F-FDG–PET images with the PVElab 

software.21 Briefly, this involves coregistering the T1 MRI volume to the FDG-PET image, 

then segmenting the T1 into tissue classes (ie, white matter, gray matter, and CSF). This 

tissue information is then used to correct the 18F-FDG–PET volume for PVE using the 

method of Müller-Gärtner et al22 to correct GM uptake due to spill-in and spill-out from 

adjacent non GM structures. White matter uptake was corrected using the method of Rousset 

et al.14 This procedure is performed in the native space of the 18F-FDG–PET images, and 

neither the PET nor MPRAGE images are warped to a standard space. Corrected volumes 

were generated, and data were extracted from regions of interest (ROIs) as described below.

Regions of Interest

A large mesial temporal ROI (MTL) was created using the Harvard-Oxford probabilistic 

cortical atlas in the FSL software.23 The left and right hippocampus and parahippocampal 

regions were added to form a single mask, and then smoothed with an 8-mm FWHM kernel 

and threshold at 90% to eliminate extraneous voxels. For cortical regions, UC Berkeley 
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meta-ROIs were downloaded from the ADNI Web site. These ROIs, extracted from a meta-

analysis of 15 18F-FDG–PET studies, comprise the angular gyrus (left and right), superior/

middle temporal gyrus (left and right), and the posterior cingulate cortex.24 For this analysis, 

these 5 ROIs were combined to form a single mean composite cortical ROI. For the purposes 

of intensity normalization, ROIs were generated for the pons and cerebellar vermis by 

drawing an 8-mm sphere MNI T1 template. Because all ROIs were specified in MNI space, 

each was inversely registered to the 18F-FDG–PET volume to avoid unnecessary 

interpolation, using nonlinear normalization in the SPM8 software (Wellcome Institute of 

Neurology, UCL). Each registration was checked manually to ensure accurate ROI 

positioning. Mean uptake were extracted for each ROI using the FSL,23 and the mesial 

temporal and cortical values were normalized to the uncorrected mean of the pons and 

cerebellar vermis.

Brain Atrophy

Two-time-point percentage brain volume change was estimated with SIENA,25,26 part of 

FSL.27 SIENA starts by extracting brain and skull images from the 2-time-point whole-head 

input data.28 The 2 brain images are then aligned to each other29,30 (using the skull images 

to constrain the registration scaling); both brain images are resampled into the space halfway 

between the 2. Next, tissue-type segmentation is carried out31 to find brain/nonbrain edge 

points, and then perpendicular edge displacement (between the 2 time points) is estimated at 

these edge points. Finally, the mean edge displacement is converted into a (global) estimate 

of percentage brain volume change between the 2 time points. This global estimate was then 

annualized by dividing by the number of years between MRI acquisitions.

Statistical Analyses

All statistical analyses were performed in the SPSS 19.0 software (IBM Corporation). For 

comparison of paired values (such as corrected vs uncorrected uptake), paired sample t tests 

were used. For each ROI, the difference between corrected and uncorrected uptake was 

calculated as the percentage difference between the 2, relative to uncorrected uptake. The 

annualized rate of change per ROI was calculated as the percentage change relative to 

baseline. For comparisons made across groups, 1-way analysis of variance models were 

estimated with a priori linear contrasts. For these analyses, the t tests for the linear contrasts 

are reported.

All group comparisons were conducted on the baseline diagnostic groups. That is, if 

participants' diagnostic status was different at 2 years, they were still analyzed in their 

baseline group.

RESULTS

Group Differences in PVC

The effect of PVC was significantly greater than zero for all regions across all diagnostics 

groups (all comparisons, P <0.001). Figure 1 shows the effect of PVC by region and baseline 

diagnostic group. Overall, the mean effect of PVC was significantly greater for the MTL 

compared with cortex (t114 = 8.64, P < 0.001). The effect of PVC varied significantly 
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between diagnostic groups for the mesial temporal region (t114 = 3.68, P < 0.001), with a 

mean PVC effect in the DAT group of 65.97% (SE = 10.97), 47.13% (SE = 2.69) in the MCI 

group, and 36.78% (SE = 2.51) in the HC group. This group effect was not significant for 

the cortex (P = 0.37).

Effect of PVC at Different Time Points

As shown in Figure 2, the effect of PVC was significantly greater at 24 months, compared 

with baseline, for both the MTL and the cortex. For the MTL, PVC increased uptake by 

43.33% (SE = 1.96) at baseline, compared with 49.71% (SE = 2.43) at 24 months (t114 = 

5.76, P < 0.001). For the cortex, PVC increased uptake by 27.82% (SE = 0.92) at baseline, 

compared with 34.74% (SE = 1.40) at 24 months (t114 = 5.95, P < 0.001). The effect of this 

increase in PVC was not significantly different between the MTL and cortex (t114 = 0.30, P 
= 0.76).

Effect of PVC on Longitudinal Change

Before PVC, the mean annualized rate of change was −0.69% (SE = 0.29) for the MTL and 

−2.00% (SE = 0.42) for the cortex. These rates of change were significantly different from 

zero for both the MTL (t114 = −2.40, P = 0.01) and the cortex (t114 = −4.74, P < 0.001). The 

effect of PVC on annualized rates of change was statistically significant for the MTL (t114 = 

−5.46, P < 0.001) and the cortex (t114 = −6.04, P < 0.001). Specifically, after PVC, the mean 

annualized change for the MTL, at 1.26% (SE = 0.26), was significantly greater than zero 

(t114 = 4.95, P <0.001). In contrast, the mean annualized change for the cortex was no longer 

significantly different from zero (t114 = 1.00, P = 0.32). These results are shown in Figure 3.

As shown in Figure 4, the mean percentage difference between uncorrected and corrected 

annualized change varied across diagnostic groups for the MTL. A planned linear contrast 

was statistically significant (t114 = 2.48, P = 0.02), indicating that the increase in annual 

change was greatest for the DAT group (M = 4.37%, SE = 1.07), followed by the MCI (M = 

2.39%, SE = 0.58) and HC (M = 1.23%, SE = 0.46) groups. In contrast, there was no overall 

group difference for the cortex (F2,114 = 0.87, P = 0.42.

Relationship Between PVC Effect and Cerebral Atrophy

Whole-brain atrophy varied between baseline diagnostic group, with a significant linear 

trend (t112 = −3.52, P = 0.001), indicating that atrophy was greatest for the DAT group and 

lowest for the HCs. Whole-brain atrophy was negatively related to effect of PVC on 

annualized change for the MTL (r = −0.39, P <0.001), but not the cortical regions (r = −0.05, 

P = 0.56). Greater brain atrophy was associated with a greater reduction in apparent 

metabolic decline. For illustrative purposes, participants were divided into those where PVC 

reduced their apparent metabolic decline and those where PVC increased their apparent 

decline. As shown in Figure 5, whole-brain atrophy was greater in those where PVC reduced 

their apparent decline (t112 = 3.19, P = 0.002).
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DISCUSSION

As expected, the effect of PVC on cross-sectional data was to increase the apparent cerebral 

metabolism. This finding agrees with previous studies and is consistent with the aim of PVC 

to increase apparent GM uptake.15,16 We also found that the greater correction was required 

in the MTL, compared with cortical regions. Again, this was consistent with our 

expectations as MTL GM regions consist of relatively small structures adjacent to large CSF 

spaces with lower apparent uptake.

As expected, we also demonstrated that for the MTL region, the effect of PVC varied by 

diagnostic group. Specifically, the DAT group required the greatest amount of correction 

compared with the MCI and then compared with the HC group. The most likely explanation 

of this effect is that the atrophy was greatest in the DAT group, with the least atrophy in the 

healthy group. As such, MTL structures prone to atrophy in AD (such as the hippocampus) 

are smaller in volume, and the effect of CSF (with inherently lower uptake) is greater. The 

amount of correction in the MCI group (less than the DAT group but greater than the control 

group) supports this notion, and the overall atrophy burden in the MCI group is likely to sit 

between the DAT and control groups.

For longitudinal change, we found that the amount of PVC was greater at subsequent time 

points. At first glance, this finding seems to support the view that PVE cannot be assumed to 

cancel out across time, and that PVC needs to be addressed at each time point in a 

longitudinal design. On closer examination, we paradoxically found that the effect of PVC 

was to decrease the rate of apparent metabolic decline. For the MTL, this resulted in an 

increase in apparent metabolism over time, rather than the decrease that is usually associated 

with the progressive pathological processes of AD. The effect on cortical regions was to 

essentially nullify the change over time, such that no statistically significant change was 

observed. The most likely cause of this effect is overcorrection due to brain atrophy 

occurring over time, and this view is supported by the relationship between whole-brain 

atrophy and magnitude of PVC effect. Specifically, the greater the decrease in GM volume, 

the more the PVC procedure increased the apparent uptake in this region. Given the 

bordering CSF spaces in this region, this effect is likely more pronounced than in the cortex, 

and this may explain why this same effect was not observed in the cortical regions.

Unlike previous studies that have investigated PVC in AD using cross-sectional designs, our 

study is the first to our knowledge that has examined this issue in a longitudinal context. 

This is a key strength of this study, as the PVC method we used seems valid in a cross-

sectional analysis, and it is only in a longitudinal context that the issue of overcorrection 

declares itself. There are a number of limitations to this study, including the fact that the data 

were collected across multiple sites, with differences in the way the data were acquired. The 

relatively large smoothing kernel applied to the PET images (18 mm) is also a potential issue 

as this may have affected the result of PVC. We attempted to correct for this by employing a 

large MTL ROI, and the cortical ROIs have been used on these data previously with 

coherent results. The DAT group was relatively small (n = 7) at baseline. Although this was 

taken into account statistically, the inclusion of a larger DAT cohort may be beneficial in 
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future studies. As such, a clear next step will be to replicate this finding in a separate data set 

and extend it to other PVC approaches.

Partial volume correction was performed in this study using a combined method 

implemented in freely available software. We believe that this represents the approach taken 

by many researchers who may wish to perform PVC and use existing software pipelines, 

rather than developing their own methods. As such, our findings do not suggest that all PVC 

methods will necessarily result in the same longitudinal outcome. They do, however, caution 

researchers not to apply PVC correction without comparing the results with uncorrected 

data. As such, a clear next step will be to replicate this finding in a separate data set and 

extend it to other PVC approaches.

Overall, we have demonstrated significant issues in the application of PVC to 18F-FDG–PET 

images acquired longitudinally in patients with AD. Our findings suggest that PVC is 

sensitive to atrophy in longitudinal contexts and might overcorrect for the effect that this has 

on apparent PET intensity in AD. This a particular concern given the increasing use of 18F-

FDG–PET as a biomarker of potential disease-modifying treatment studies of AD, where 

this overcorrection could potentially nullify a true difference in metabolic change between 

treatment arms and decrease the sensitivity for detection of progressive disease. As such, the 

prudent approach in such studies would be to analyze and report both PVC corrected and 

uncorrected data to ensure that the results are meaningful and physiologically plausible.
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FIGURE 1. 
Effect of PVC for the MTL and cortex, across diagnostic groups at baseline. Partial volume 

correction increased uptake for all regions and across all diagnostic groups (P <0.001). The 

effect of PVC on the MTL was greater in the DAT group compared with the MCI group, 

which was greater than the control group (P < 0.001). The linear trend was not significant 

for the cortex (P = 0.37). This analysis was conducted on the HC (n = 55), MCI (n = 53), 

and DAT (n = 7) groups.
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FIGURE 2. 
Effect of PVC correction across ROIs for baseline and 24 months. The effect of PVC was 

greater at 24 months compared with baseline for both regions (P < 0.001). All participants 

were included in this analyses (n = 115).
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FIGURE 3. 
Annualized change in uptake by region and correction status. For the MTL, the effect of 

PVC was to increase the rate of annual change such that uptake increased over time (P < 

0.001). The effect of PVC on cortical annualized change was to render the rate of change no 

longer significantly different from zero. All participants were included in this analyses (n = 

115).
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FIGURE 4. 
The difference between corrected and uncorrected annualized MTL change was greater in 

the DAT group compared with the MCI group, which was greater than the control group (P 
< 0.02).
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FIGURE 5. 
Greater atrophy was observed in cases where PVC decreased the rate of metabolic decline, 

compared with cases where PVC increased the rate of metabolic decline.
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