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Abstract

Image-derived input function (IDIF) obtained by manually drawing carotid arteries (manual-IDIF) can be reliably used in
[11C](R)-rolipram positron emission tomography (PET) scans. However, manual-IDIF is time consuming and subject to inter-
and intra-operator variability. To overcome this limitation, we developed a fully automated technique for deriving IDIF with
a supervised clustering algorithm (SVCA). To validate this technique, 25 healthy controls and 26 patients with moderate to
severe major depressive disorder (MDD) underwent T1-weighted brain magnetic resonance imaging (MRI) and a 90-minute
[11C](R)-rolipram PET scan. For each subject, metabolite-corrected input function was measured from the radial artery. SVCA
templates were obtained from 10 additional healthy subjects who underwent the same MRI and PET procedures. Cluster-
IDIF was obtained as follows: 1) template mask images were created for carotid and surrounding tissue; 2) parametric image
of weights for blood were created using SVCA; 3) mask images to the individual PET image were inversely normalized; 4)
carotid and surrounding tissue time activity curves (TACs) were obtained from weighted and unweighted averages of each
voxel activity in each mask, respectively; 5) partial volume effects and radiometabolites were corrected using individual
arterial data at four points. Logan-distribution volume (VT/fP) values obtained by cluster-IDIF were similar to reference results
obtained using arterial data, as well as those obtained using manual-IDIF; 39 of 51 subjects had a VT/fP error of ,5%, and
only one had error .10%. With automatic voxel selection, cluster-IDIF curves were less noisy than manual-IDIF and free of
operator-related variability. Cluster-IDIF showed widespread decrease of about 20% [11C](R)-rolipram binding in the MDD
group. Taken together, the results suggest that cluster-IDIF is a good alternative to full arterial input function for estimating
Logan-VT/fP in [11C](R)-rolipram PET clinical scans. This technique enables fully automated extraction of IDIF and can be
applied to other radiotracers with similar kinetics.
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Introduction

[11C](R)-rolipram is a positron emission tomography (PET)

radioligand for phosphodiesterase 4 (PDE4), an enzyme that

metabolizes cyclic adenosine monophosphate (cAMP). By imaging

the cAMP cascade, [11C](R)-rolipram may offer unique insights

into the internal machinery of brain cells. Our laboratory

previously showed that patients with major depressive disorder

(MDD) have widespread and significantly reduced [11C](R)-

rolipram binding compared to healthy subjects [1].

[11C](R)-rolipram can be reliably quantified by a two-tissue

compartment model and a 90-minute brain scan [2]. Alternative

techniques for [11C](R)-rolipram quantification, both at the region

and voxel level, include the Logan plot, the hierarchical basis

function method, and spectral analysis [3]. Because of widespread

distribution of PDE4 in whole gray matter and no region for

reference tissue, all of these techniques require measuring arterial

input function, which is a labor-intensive and invasive procedure.

We previously found that the workload for obtaining the input

function could be considerably reduced by using an image-derived

input function (IDIF) from carotid arteries [4]. In that study, IDIF

curves were derived from manual segmentation of the carotid and

background regions; however, manual segmentation is a time-

consuming (and tedious) task that suffers from intra- and inter-

operator variability.

Several algorithms have been proposed in the literature for

more objective segmentation of PET images. Some are semi-

automated, meaning that they still require intervention from the

operator [5,6]. Nevertheless, many completely automatic algo-

rithms based on the unsupervised clustering of voxels are now

available [7–11]. However, unsupervised clustering algorithms

define tissue classes in a data-dependent manner that may not
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accurately describe the underlying physiology and, therefore,

introduce instability or inaccuracies in the grouping [12]. When

the pharmacokinetic behavior of the different tissues is already

known, segmentation can be achieved in a simple and robust way

by taking advantage of predefined kinetic classes [13]. Indeed,

Turkheimer and colleagues [12] developed a supervised clustering

algorithm (SVCA) for the automatic extraction of reference tissue

curves. This algorithm was validated in [11C](R)-PK11195 scans,

and the reference time-activity curve (TAC) was extracted by

discriminating regions with and without pathologically increased

[11C](R)-PK11195 binding.

In the current study, we examined a new objective method to

automatically segment PET images for IDIF by applying SVCA.

In addition to extracting reference tissue curves, the SVCA can

also be used to extract the blood signal from the intracranial

vessels in a fast, objective, and reproducible way. After opportune

partial volume effect and spill-in correction, this signal could be

used as an IDIF for kinetic modeling. The present study sought to:

1) adapt Turkheimer’s SVCA to our PET data in order to

automatically derive an IDIF–without any intervention from the

operator–for calculating [11C](R)-rolipram binding; and 2) repli-

cate the findings of a previous clinical study that compared

[11C](R)-rolipram binding between healthy subjects and MDD

patients using cluster-IDIFs [1].

Methods

Radioligand Preparation
[11C](R)-rolipram was synthesized as previously described [14]

and according to our Investigational New Drug Application

#73,149, submitted to the US Food and Drug Administration. A

copy of our application is available at: http://pdsp.med.unc.edu/

snidd/nidpulldownPC.php. The radioligand was obtained in high

radiochemical purity (.99%).

Subjects
Study subjects included 25 healthy individuals (9 females, 16

males, 37611 years old, body weight = 83616 kg) and 28 patients

with moderate-to-severe MDD (9 females and 19 males, 36611

years old, body weight = 86623 kg) [1]. Two of the MDD subjects

were excluded because their arterial input function was obtained

only for the first 60 minutes. See [1] for inclusion criteria and

clinical characteristics of the subjects. This study was approved by

the Combined Neuroscience Institutional Review Board of the

NIH Intramural Research Program, and all subjects provided

written informed consent to participate.

Measurement of [11C](R)-rolipram in Plasma
All blood samples (1 mL each) were drawn from the radial

artery at 15-second intervals for the first 150 seconds, followed by

3 mL samples at 3, 4, 6, 8, 10, 15, 20, 30, 40, and 50 minutes, and

4.5 mL at 60, 75, and 90 minutes. The plasma TAC was corrected

for the fraction of unchanged radioligand [14,15]. The plasma free

fraction (fP) of [
11C](R)-rolipram was determined by ultrafiltration

[16]. Assay-by-assay fluctuations in fP measurement were correct-

ed based upon fP of a standard plasma sample assayed with the

subject’s sample [17].

PET Scans
PET images were acquired with an Advance scanner (GE

Healthcare, Milwaukee, WI). A head holder was used to minimize

head movements during the scan. An 8-minute 68Ge transmission

scan was obtained before injection of the radiotracer for

attenuation correction. The mean injected activity was 726697

MBq for healthy subjects and 7036108 MBq for MDD patients.

The emission scan was conducted for 90 minutes in 3D mode

using frames of increasing length from 30 seconds to 5 minutes.

After attenuation and a model-based scatter correction, PET

images were reconstructed with filtered back projection and a

Hanning filter in 1286128635 matrix with 26264.25 mm voxel

size, resulting in a 7 mm image spatial resolution.

Magnetic Resonance Image (MRI) Scans
T1-weighted structural MRIs were also obtained using either a

3-T Signa scanner (GE, Milwaukee, WI) or an Achieva 3-T MRI

scanner (Philips Health Care, Andover, MA). We used a TFE

(turbo field echo) sequence (TR=8.1 msec, TE= 3.7 msec, flip

angle = 8, matrix = 18162566256, voxel si-

ze = 160.98360.983 mm).

Image Analysis
The merged automated anatomical labeling (AAL) template was

used to measure regional TAC [18]. Predefined volumes of

interest (VOIs) were positioned on the PET images using the

following methods. The MR image from each subject was

coregistered using SPM8 (Wellcome Department of Imaging

Neuroscience; University College London, UK) to the average

PET image created by summing all of the dynamic image frames.

The MR and the realigned PET images were normalized to a

standardized spatial array (Montreal Neurological Institute (MNI)

space) based on transformation parameters from the MR images.

The final VOIs included the following regions: thalamus (12.6

cm3), caudate (5.6 cm3), putamen (6.5 cm3), cerebellum (51.2 cm3),

frontal (27.2 cm3), parietal (26.6 cm3), lateral temporal (25.0 cm3),

occipital (31.2 cm3), anterior cingulate (7.5 cm3), and medial

temporal (14.3 cm3) cortices.

Creation of the IDIF
Three steps were involved in creating the IDIF: 1) the template

was defined; 2) the whole blood curve was extracted from dynamic

PET; and 3) partial volume effect and radiometabolites were

corrected.

1) Defining the template. To create the templates necessary

for the clustering procedure, [11C](R)-rolipram images were used

from 10 healthy subjects (8 males and 2 females, 74367.0 MBq,

84.2621.1 kg, 31.4610.7 years old) who did not belong to the

population described above. Scans for these subjects were acquired

using the same machine and acquisition protocol as for the 51

subjects in the clinical study.

Creation of a ligand-specific PET template. Dynamic

PET images were first realigned to correct for motion. All time

frames of the dynamic PET images were then averaged to create a

mean PET image (Figure 1a), and the T1-weighted MR image was

coregistered to this mean PET image (Figure 1b). The averaged

PET images were spatially normalized to the MNI MR template

using the transformation parameters of the coregistered MR

images (Figure 1c). The ligand-specific spatial template was

created by averaging the spatially normalized mean PET images

of the 10 subjects (Figure 1d). This ligand specific template for

[11C](R)-rolipram PET was used to obtain the transformation

matrix for normalizing each PET image without using the MR

image.

Creation of the template time-activity curves. We

extracted three kinetic tissue models: gray matter, white matter,

and blood. The gray and white matter masks were delineated on

the individual MR images of the 10 subjects. It should be noted

that prior removal of extracerebral tissues, as proposed in an

optimized version of this algorithm [19], was not necessary in the

IDIF from Clustering Algorithm
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present study because blood voxels were readily identified in all

scans. The reconstructed T1-weighted MR images were corrected

for intensity inhomogeneity and segmented into gray and white

matter (Figure 1e). The gray matter mask was created by selecting

the voxels showing a probability greater than 0.9. To obtain the

white matter mask we first created a map of the amount of spill-

over from the gray matter into the white matter. This was done by

applying a 3D Gaussian kernel with 7 mm of Full Width at Half

Maximum (FWHM) to the gray matter mask image after applying

a probability of 0.5 as a threshold. The final white matter mask

was created using the voxels within the white matter whose spill-

over amount was less than 0.5% of the imaginary uniform activity

of gray matter (Figure 1f). To acquire template TACs for blood,

we manually drew carotid VOIs on a PET image comprising the

averaged first frames (from the second to the fourth) (Figure 1g).

The activity of each frame was standardized by subtracting the

mean and dividing by the standard deviation of the individual

frame (Figure 1 h). Finally, the template curves for the three tissues

were derived by averaging the TACs of the 10 subjects obtained

from the masks for gray matter, white matter, and carotid applied

to the standardized PET image of each subject (Figure 1i and j).

Classification of tissue types using supervised

clustering. The supervised clustering procedure was carried

out as originally described [12], using in-house software imple-

mented in MATLAB 7.1 (MathWorks, Natick, MA). In brief, all

time frames of the dynamic PET images were first standardized by

activity (Figure 2a). Then, using the template TACs for the three

tissues, weighting parameters were calculated for each tissue using

a voxel-wise non-negative least squares algorithm (Figure 2b and

c). The weighting parameters describe the similarity to each

template TAC in each voxel. Finally, 3D volumes with the

information of weighting parameters for gray matter, white

matter, and blood were acquired (Figure 2d).

Creation of vascular template and template mask for the

carotid and surrounding tissue. The mean PET images were

spatially normalized to the ligand-specific PET template and the

resulting transformation parameters were used to normalize the

images weighted for the blood component (Figure 3a). Spatially

normalized blood-weighted images from the 10 subjects were then

averaged to create a vascular template image for designing a

template mask for the carotid artery and surrounding tissue

(Figure 3b).

After manually removing the voxels belonging to the cerebral

venous sinuses and voxels considered to be noise from the blood

template image, we created a template mask image for the carotid

artery by including only the voxels whose parameters were higher

than 0.2. For the surrounding tissue mask, a 3D Gaussian kernel

with 7 mm of FWHM was first applied to the carotid mask image.

The template mask image for the surrounding tissues was then

created by selecting the voxels with values between 0.1 and 0.001.

The two masks were merged into a single volume to obtain a

template VOI mask image for both carotid and surrounding tissue.

Figure 1. Creation of ligand-specific PET template and time-activity curve (TAC) templates. Mean positron emission tomography (PET)
image was created by first averaging the motion-corrected PET dynamic frames (a). The T1-weighted magnetic resonance (MR) image was then
coregistered to mean PET image (b). This coregistered mean PET image was spatially normalized (c) based on the transformation parameters from
spatial normalization of MR image to the Montreal Neurological Institute (MNI) MRI template. Spatially normalized mean PET images from all 10
subjects were averaged to obtain the final ligand–specific template (d). From automatic MRI segmentation (e), we obtained the volumes of interest
(VOIs) for grey and white matter (f). The carotid VOIs were obtained from manual segmentation of the early PET frames (g). Motion-corrected dynamic
PET images were standardized by activity (h). The template curves for the three tissues (i) were derived by averaging the TACs of the 10 subjects
obtained from each mask applied to the standardized PET images (j).
doi:10.1371/journal.pone.0089101.g001

IDIF from Clustering Algorithm
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Figure 2. Classification of tissue types using supervised clustering. The time frames of the dynamic positron emission tomography (PET)
images were first standardized by activity (a). Then, using the template TACs for the three tissues (b), we calculated the weighting parameters by
using a voxel-wise non-negative least squares algorithm (c). A 3D volume with the weighting parameter information for grey matter, white matter,
and blood was generated (d).
doi:10.1371/journal.pone.0089101.g002

Figure 3. Creation of volumes of interest (VOIs) mask for the carotid artery and its surrounding tissue. The template VOI mask for
carotid and surrounding tissue was obtained from the spatially normalized (a) and averaged weighting parameter image for blood (b). Individual VOI
masks for carotid and surrounding tissue were created by inverse spatial normalization of the template VOI mask (c). The inverse normalization
parameters were derived from the spatial normalization of the average image of dynamic positron emission tomography (PET) to the ligand specific
PET template.
doi:10.1371/journal.pone.0089101.g003

IDIF from Clustering Algorithm
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The inverse spatial normalization parameters derived from the

normalization of the individual mean PET image to the ligand-

specific template were applied to the template VOI mask. This was

done to create individual VOI masks to measure TACs for carotid

and surrounding tissue (Figure 3c).

2) Extracting whole blood curve from dynamic

PET. Both activity standardization and supervised clustering to

extract weighting parameters for blood were conducted for all 51

PET scans from the clinical study. The individual mask images for

the carotids and surrounding tissues were created by applying the

inverse normalization parameter derived from the spatial normal-

ization of each averaged PET image to the ligand-specific

template. Voxels showing more than 50% of weighting parameter

values within the carotid mask were selected, and the carotid TAC

was obtained by averaging the voxels; these were weighted by their

weighting parameter [12]. In addition, within the individual mask

of surrounding tissue, the TAC of the surrounding tissue was

obtained using the unweighted average of the voxels with less than

0.1% of weighting parameter for blood.

3) Correction for partial volume effect and

radiometabolites. The method used here, originally proposed

by Chen and colleagues for [18F]FDG [20], is very robust with

regard to motion artifacts [21], thus making it applicable for

imaging patients with dementia or movement disorders. We

validated this method for [11C](R)-rolipram [2,4,22]. Briefly, the

carotid signal in the images is represented as a linear combination

of the radioactivity from the blood and that spilling into the carotid

from the surrounding tissue, according to the formula:

Ccarotid tð Þ~RC|Cwb tð ÞzSP|Csurround tð Þ ð1Þ

where Ccarotid and Csurround are the radioactivity concentrations in

the carotid and the surrounding tissue, respectively; Cwb is the

radioactivity measured in arterial whole blood; and RC and SP are

the recovery and spill-in coefficients, which were estimated with

linear least square fitting of Ccarotid, Cwb, and Csurround in equation

(1) at the sampling times (t). Cwb was measured at 6, 20, 60, and 90

minutes. In one subject, whole-blood IDIF was obtained using

only the first three samples (6, 20, and 60 minutes) because the

addition of the fourth sample resulted in a curve whose shape was

inconsistent with that of an input function. To obtain the

concentrations of unchanged parent ligand, a monoexponential

function was fitted to the individual parent/whole blood concen-

tration at at 6, 20, 60, and 90 minutes and then multiplied by the

whole-blood IDIF.

Calculation of [11C](R)-rolipram Binding
Logan analysis was used to calculate VT values, which were

divided by the individual plasma free fraction (VT/fP). Logan-VT/

fP values obtained in the control group and MDD patients were

compared using repeated measures two-way analysis of variance

with regions as the within-subjects (repeating) factor. The analysis

was performed using Logan-VT/fP values obtained with reference

arterial input function and with IDIF. Statistical analyses were

performed using IBM SPSS Statistics 20 (Armonk, NY).

Results

The clustering algorithm clearly segmented the carotid arteries

in all PET scans. Although the height of the IDIF peaks generally

presented some variations compared to the arterial peak, at later

times the image-derived curves followed the full arterial curves

well. Both visual inspection as well as comparison of IDIFs

obtained from manual drawings [4] found that IDIFs obtained

with the clustering procedure were less noisy for most subjects

(Figure 4). To quantitatively support our visual impression, we

calculated the sum of the squared distance at each time point after

10 minutes between the reference arterial curve, manual-IDIF,

and cluster-IDIF. The mean sum of the squared distance

expressed in kBq/mL from the 51 subjects for cluster-IDIF

(160.36142.4) was lower than that for manual-IDIF

(172.66138.1). The cluster-IDIF gave a lower value in 34 of 51

subjects; the likelihood of this occurring by chance is approxi-

mately 1%.

The estimated Logan-VT/fP values obtained via cluster-IDIF

were very similar to the reference values (Pearson’s correlation, p,

0.0001, R2= 0.976 in Figure 5A) and showed no proportional bias

through the range of measurements (Figure 5B). The estimated/

reference Logan-VT/fP ratio was 0.9960.04, and these results

were equally accurate for healthy controls (0.9860.04) and MDD

patients (1.0160.04). Thirty-nine of 51 subjects had a VT/fP error

of ,5%, 11 had an error between 5 and 10%, and one had an

error of 11%.

Logan-VT/fP values obtained with cluster-IDIF showed a

widespread decrease of about 20% [11C](R)-rolipram binding in

the MDD group (mean VT/fP in controls: 13.263.10 mL/g,

MDD: 11.063.30, two-way ANOVA p=0.017 for group

difference in the 10 brain regions); these findings echoed previous

results obtained using the full input (controls: 13.563.10 mL/g,

MDD: 10.963.21; p= 0.005) as well as IDIF by manual

segmentation (controls: 13.463.20 mL/g, MDD: 10.963.33;

p = 0.008) [4].

Discussion

This study found that an SVCA-derived cluster-IDIF provided

good carotid segmentation for [11C](R)-rolipram brain PET scans.

After partial volume and radiometabolite correction, the carotid

TACs were used as an IDIF to estimate [11C](R)-rolipram binding.

The technique was validated on a large number of subjects.

Furthermore, we were able to replicate the results of a previously

published clinical protocol comparing healthy subjects and MDD

patients [1], which showed a global reduction of [11C](R)-rolipram

binding (of about 20%) in MDD patients compared to controls.

The main advantage of automatic segmentation is that it

completely removes intra- and inter-operator variability. Although

this variability is quite small (a few percentage points at most)

when using Chen’s method [20], results obtained with manual

segmentation are nevertheless always influenced by the shape of

the VOIs and the number of slices included because the carotid

TACs are ultimately fitted to blood samples.

In most subjects in this study, the IDIF obtained with the

clustering algorithm was also of better quality (less noisy) than the

IDIF drawn manually on the same scans [4] (Figure 4), as

demonstrated by a lower sum of the squared distance between the

reference arterial curve and both the manual- and cluster-IDIFs.

Indeed, carotid VOIs obtained from automatic segmentation

would likely include a higher number of vascular voxels and a

lower number of background voxels than when segmentation is

obtained manually. This improved IDIF quality, however, did not

translate into a more accurate estimate of the final Logan-VT

results. In fact, the differences in the area under the curve were

minimal; regardless, all input functions were fitted with a tri-

exponential function before modeling, thus effectively eliminating

noise. It can also be argued that if a given IDIF technique yields

significantly different results on the basis of a difference of a few

voxels between manual or automatic segmentation, then it would

be too unstable to be used. Our results nevertheless suggest that

IDIF from Clustering Algorithm
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voxel selection with the clustering algorithm is not only more

reproducible, but also more accurate than manual segmentation.

These results further echo those obtained by Chen and colleagues

using an automatic carotid segmentation with independent

component analysis (ICA) [23]. The use of ICA resulted in a

faster and more objective carotid segmentation, although the

results were not significantly better than those obtained by simple

manual segmentation [20].

Another advantage of automatic segmentation is the amount of

time saved. When the procedure is entirely automated, a simple

computer script allows a whole population of subjects to be

analyzed at once, as was done in the present study.

Notably, the present technique does not require coregistered

anatomical images. MRI and computer assisted tomography (CT)

scans have sometimes been used to help delineate the carotid

arteries [24,25]. However, the carotid is a very small and elastic

structure that may present significant coregistration challenges

[26,27]; direct segmentation from PET images is therefore

preferable. New hybrid PET/MRI machines would allow the

position and size of the carotid vessels to be determined more

accurately, and some authors have argued that this might facilitate

IDIF estimates, possibly in a completely non-invasive way [28,29].

In our opinion, however, a more accurate coregistration with MRI

will not improve IDIF estimates because of the intrinsic limits of

Figure 4. Manual and cluster-IDIF in a representative subject. Metabolite corrected arterial input function (in red) and image-derived input
function (IDIF) (in black) in a representative subject. The insets show the curves from 10 to 90 minutes. Main graphs show the early part of the curves
until 10 minutes. Carotid and background segmentation was performed manually (A) or with the clustering algorithm (B). In most subjects, the
automatic IDIFs were slightly less noisy.
doi:10.1371/journal.pone.0089101.g004

Figure 5. Correlation and agreement between the Logan-VT/fP values derived from arterial input function and cluster-IDIF. (A) The
image-derived input functions (IDIFs) derived from cluster segmentation yielded Logan-VT/fP values that were well-correlated with those derived
from the reference arterial input function (Pearson’s correlation, p,0.0001). Each of the 51 points represents an average VT/fP value of grey matter in
a single subject. (B) The Bland-Altman plot shows that the two measurements are in good agreement, with no proportional bias through the range of
measurements. The dotted line in the middle shows the mean difference; the other two dotted lines show the 95% confidence interval.
doi:10.1371/journal.pone.0089101.g005

IDIF from Clustering Algorithm
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PET technology. For instance, even a theoretically perfect spatial

delineation of the carotids would not solve the problem of poor

temporal resolution and the separation of the parent concentration

in plasma from total blood radioactivity. Poor temporal resolution

would not allow a good estimate of the rapidly changing early part

of the input function (the peak). For radioligands with a fast

washout from the vascular compartment, an accurate estimation

of the peak is necessary when using a Logan analysis because a

large part of the area under the curve is found under the peak [26].

Moreover, even if a perfect partial volume effect recovery could be

obtained from the images, the reference recovery coefficient would

already be available with a simple measurement of the whole-

blood concentration in the blood samples that must, regardless, be

collected for radiometabolite correction.

It should be noted that good segmentation can likely be

obtained with other radioligands, PET scanners, and subject

populations. Indeed, the extant literature shows that the supervised

clustering method has been acquired with different scanners, as

well as successfully applied to populations with brain atrophy [30–

32]. However, after carotid segmentation, partial volume and spill-

in correction must be performed. For [11C](R)-rolipram, excellent

results were obtained using the method developed by Chen and

colleagues [20], using both a high resolution research tomograph

[2] and a machine with a lower resolution such as the one used in

the present study. However, partial volume correction methods

are very tracer-specific and an appropriate technique must be

found for each tracer [26]. To correct for partial volume effect,

some blood samples are necessary to estimate an IDIF, given that

non-invasive methods are generally less reliable [22,33]. In order

to avoid an arterial line, the best option would be to use venous,

instead of arterial, samples. However, arterovenous equilibrium is

uncommon [34]. In particular, [11C](R)-rolipram does not

demonstrate satisfactory equilibrium; thus, some arterial samples

are still necessary to correct for partial volume effect [4].

In summary, cluster-IDIF is capable of estimating Logan-VT/fP
in [11C](R)-rolipram PET clinical scans as well as full arterial input

function. Nevertheless, the applicability of this technique must be

tested for each new radioligand. We believe that good segmen-

tation of blood voxels will not be difficult to achieve for most

radiotracers. However, the main obstacle to widespread applica-

tion of this technique is finding a reliable partial volume effect

correction of the raw carotid curves.

Acknowledgments

Ioline Henter provided excellent editorial assistance.

Author Contributions

Conceived and designed the experiments: CHL PZF RBI. Performed the

experiments: CHL PZF SSZ JSL RX MF. Analyzed the data: CHL PZF

MF. Contributed reagents/materials/analysis tools: CHL PZF SSZ JSL

RX VWP MF RBI. Wrote the paper: CHL PZF SSZ JSL RX VWP CAZ

MF RBI.

References

1. Fujita M, Hines CS, Zoghbi SS, Mallinger AG, Dickstein LP, et al. (2012)

Downregulation of brain phosphodiesterase type IV measured with 11C-(R)-
rolipram positron emission tomography in major depressive disorder. Biol

Psychiatry 72: 548–554.

2. Zanotti-Fregonara P, Zoghbi SS, Liow JS, Luong E, Boellaard R, et al. (2011)

Kinetic analysis in human brain of [11C](R)-rolipram, a positron emission
tomographic radioligand to image phosphodiesterase 4: a retest study and use of

an image-derived input function. Neuroimage 54: 1903–1909.

3. Rizzo G, Veronese M, Zanotti-Fregonara P, Bertoldo A (2013) Voxelwise
quantification of [C](R)-rolipram PET data: a comparison between model-based

and data-driven methods. J Cereb Blood Flow Metab.

4. Zanotti-Fregonara P, Hines CS, Zoghbi SS, Liow JS, Zhang Y, et al. (2012)

Population-based input function and image-derived input function for [11C](R)-
rolipram PET imaging: Methodology, validation and application to the study of

major depressive disorder. Neuroimage 63: 1532–1541.

5. Boudraa AO, Champier J, Djebali M, Behloul F, Beghdadi A (1999) Analysis of

dynamic nuclear cardiac images by covariance function. Computerized Medical
Imaging and Graphics 23: 181–191.

6. Manjeshwar RM, Cline HE (2006) Semi-automatic segmentation algorithm for

pet oncology images. Patent US 7006677 B2.

7. Wong KP, Feng DG, Meikle SR, Fulham MJ (2002) Segmentation of dynamic

PET images using cluster analysis. IEEE TRANSACTIONS ON NUCLEAR
SCIENCE 49: 200–207.

8. Liptrot M, Adams KH, Martiny L, Pinborg LH, Lonsdale MN, et al. (2004)

Cluster analysis in kinetic modelling of the brain: a noninvasive alternative to
arterial sampling. Neuroimage 21: 483–493.

9. Maroy R, Boisgard R, Comtat C, Frouin V, Cathier P, et al. (2008)

Segmentation of rodent whole-body dynamic PET images: an unsupervised

method based on voxel dynamics. IEEE Trans Med Imaging 27: 342–354.

10. Kimura Y, Senda M, Alpert NM (2002) Fast formation of statistically reliable
FDG parametric images based on clustering and principal components. Physics

in Medicine and Biology 47: 455–468.

11. Juslin A, Tohka J (2006) Unsupervised segmentation of cardiac PET

transmission images for automatic heart volume extraction. Conf Proc IEEE
Eng Med Biol Soc 1: 1077–1080.

12. Turkheimer FE, Edison P, Pavese N, Roncaroli F, Anderson AN, et al. (2007)

Reference and target region modeling of [11C]-(R)-PK11195 brain studies.
J Nucl Med 48: 158–167.

13. Mateos-Perez JM, Desco M, Dae MW, Garcia-Villalba C, Cusso L, et al. (2013)

Automatic TAC extraction from dynamic cardiac PET imaging using iterative

correlation from a population template. Comput Methods Programs Biomed
111: 308–314.

14. Fujita M, Zoghbi SS, Crescenzo MS, Hong J, Musachio JL, et al. (2005)

Quantification of brain phosphodiesterase 4 in rat with (R)-[11C]rolipram-PET.
NeuroImage 26: 1201–1210.

15. Zoghbi SS, Shetty HU, Ichise M, Fujita M, Imaizumi M, et al. (2006) PET

imaging of the dopamine transporter with 18F-FECNT: a polar radiometabolite

confounds brain radioligand measurements. J Nucl Med 47: 520–527.

16. Sawada Y, Hiraga S, Patlak CS, Ito K, Pettigrew K, et al. (1990)

Cerebrovascular transport of [125I]quinuclidinyl benzilate, [3H]cyclofoxy, and

[14C]iodoantipyrine. Am J Physiol 258 (Heart Circ. Physiol. 27): H1585–H1598.

17. Abi-Dargham A, Laruelle M, Krystal J, D’Souza C, Zoghbi S, et al. (1999) No

evidence of altered in vivo benzodiazepine receptor binding in schizophrenia.

Neuropsychopharmacology 20: 650–661.

18. Tzourio-Mazoyer N, Landeau B, Papathanassiou D, Crivello F, Etard O, et al.

(2002) Automated anatomical labeling of activations in SPM using a

macroscopic anatomical parcellation of the MNI MRI single-subject brain.

Neuroimage 15: 273–289.

19. Yaqub M, van Berckel BN, Schuitemaker A, Hinz R, Turkheimer FE, et al.

(2012) Optimization of supervised cluster analysis for extracting reference tissue

input curves in (R)-[(11)C]PK11195 brain PET studies. J Cereb Blood Flow

Metab 32: 1600–1608.

20. Chen K, Bandy D, Reiman E, Huang SC, Lawson M, et al. (1998) Noninvasive

quantification of the cerebral metabolic rate for glucose using positron emission

tomography, 18F-fluoro-2-deoxyglucose, the Patlak method, and an image-

derived input function. J Cereb Blood Flow Metab 18: 716–723.

21. Zanotti-Fregonara P, Liow JS, Comtat C, Zoghbi SS, Zhang Y, et al. (2012)

Image-derived input function in PET brain studies: blood-based methods are

resistant to motion artifacts. Nucl Med Commun 33: 982–989.

22. Zanotti-Fregonara P, Liow JS, Fujita M, Dusch E, Zoghbi SS, et al. (2011)

Image-Derived Input Function for Human Brain Using High Resolution PET

Imaging with [C](R)-rolipram and [C]PBR28. Plos One 6: e17056.

23. Chen K, Chen X, Renaut R, Alexander GE, Bandy D, et al. (2007)

Characterization of the image-derived carotid artery input function using

independent component analysis for the quantitation of [18F] fluorodeoxyglu-

cose positron emission tomography images. Phys Med Biol 52: 7055–7071.

24. Litton JE (1997) Input function in PET brain studies using MR-defined arteries.

J Comput Assist Tomogr 21: 907–909.

25. Croteau E, Lavallee E, Labbe SM, Hubert L, Pifferi F, et al. (2010) Image-

derived input function in dynamic human PET/CT: methodology and

validation with (11)C-acetate and (18)F-fluorothioheptadecanoic acid in muscle

and (18)F-fluorodeoxyglucose in brain. Eur J Nucl Med Mol Imaging 37: 1539–

1550.

26. Zanotti-Fregonara P, Chen K, Liow JS, Fujita M, Innis RB (2011) Image-

derived input function for brain PET studies: many challenges and few

opportunities. J Cereb Blood Flow Metab 31: 1986–1998.

27. Fung EK, Planeta-Wilson B, Mulnix T, Carson R (2009) A multimodal

approach to image-derived input functions for brain PET IEEE Nucl Sci Symp

Conf Rec: 2710.

IDIF from Clustering Algorithm

PLOS ONE | www.plosone.org 7 February 2014 | Volume 9 | Issue 2 | e89101



28. Catana C, Drzezga A, Heiss WD, Rosen BR (2012) PET/MRI for neurologic

applications. J Nucl Med 53: 1916–1925.
29. Sattler B, Jochimsen T, Barthel H, Sommerfeld K, Stumpp P, et al. (2013)

Physical and organizational provision for installation, regulatory requirements

and implementation of a simultaneous hybrid PET/MR-imaging system in an
integrated research and clinical setting. MAGMA 26: 159–171.

30. Schuitemaker A, Kropholler MA, Boellaard R, van der Flier WM, Kloet RW, et
al. (2013) Microglial activation in Alzheimer’s disease: an (R)-[(1)(1)C]PK11195

positron emission tomography study. Neurobiol Aging 34: 128–136.

31. Edison P, Ahmed I, Fan Z, Hinz R, Gelosa G, et al. (2013) Microglia, amyloid,
and glucose metabolism in Parkinson’s disease with and without dementia.

Neuropsychopharmacology 38: 938–949.

32. Okello A, Edison P, Archer HA, Turkheimer FE, Kennedy J, et al. (2009)

Microglial activation and amyloid deposition in mild cognitive impairment: a

PET study. Neurology 72: 56–62.

33. Zanotti-Fregonara P, Fadaili el M, Maroy R, Comtat C, Souloumiac A, et al.

(2009) Comparison of eight methods for the estimation of the image-derived

input function in dynamic [(18)F]-FDG PET human brain studies. J Cereb

Blood Flow Metab 29: 1825–1835.

34. Chiou WL (1989) The phenomenon and rationale of marked dependence of

drug concentration on blood sampling site. Implications in pharmacokinetics,

pharmacodynamics, toxicology and therapeutics (Part II). Clin Pharmacokinet

17: 275–290.

IDIF from Clustering Algorithm

PLOS ONE | www.plosone.org 8 February 2014 | Volume 9 | Issue 2 | e89101


