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    Abstract  
  In the study of human brain functions, positron emission tomography (PET) 
makes signifi cant contributions in the form of “activation studies.” Activation 
studies with [ 15 O]-H 2 O exploit the phenomenon that activated brain regions have 
altered perfusion by blood. Statistical comparing of two conditions or groups on 
a voxel basis yields an activation map. Because blood delivery to the brain is 
spatially and temporally inhomogeneous, we hypothesized a strong dependency 

        R.   Kortekaas ,  PhD      (*) 
  Department of Neuroscience ,  Neuroimaging Center, University Medical Center Groningen, 
University of Groningen ,   196 ,  Groningen   9700 AD ,  The Netherlands   
 e-mail: r.kortekaas@umcg.nl   

    J.  R.   Georgiadis ,  PhD      
  Section Anatomy, Department of Neuroscience ,  University Medical Center Groningen, 
University of Groningen ,   196 ,  Groningen   9700 AD ,  The Netherlands   
 e-mail: j.r.georgiadis@umcg.nl  

  6      An Investigation of Statistical Power 
of [ 15 O]-H 2 O PET Perfusion Imaging: 
The Influence of Delay and Time 
Interval 

             Rudie     Kortekaas       and     Janniko     R.     Georgiadis     

Contents

6.1 Introduction ....................................................................................................................... 140
6.1.1 Using PET to Study Brain Function ..................................................................... 140
6.1.2 Optimization of PET Studies of the Brain ............................................................ 141

6.2 Materials and Methods ...................................................................................................... 142
6.2.1 Participants and Imaging Procedures .................................................................... 142
6.2.2 Experimental Tasks ............................................................................................... 142
6.2.3 Data Preprocessing ............................................................................................... 143
6.2.4 Statistical Analysis ................................................................................................ 143

6.3 Results ............................................................................................................................... 143
6.3.1 SPM Analysis ........................................................................................................ 143
6.3.2 TAC Analysis ........................................................................................................ 146

6.4 Discussion ......................................................................................................................... 146
Conclusion ................................................................................................................................. 147
References .................................................................................................................................. 148

mailto:r.kortekaas@umcg.nl
mailto:j.r.georgiadis@umcg.nl


140

of the activation map on the time periods that are compared. We aimed to system-
atically chart this infl uence in order to optimize sensitivity and time resolution. 

  Methods : We dynamically scanned 11 volunteers with [ 15 O]-H 2 O while they 
performed a motor task and a control task. We localized statistical differences 
between the tasks with a statistical parametric mapping on all possible permuta-
tions of consecutive frame summations. 

  Results : There was robust activation in the cerebellum and sensorimotor cor-
tex and results were statistically most signifi cant for the period 20–50 s. Intervals 
as short as 10 s also yielded statistically signifi cant brain activations. The size of 
the activated clusters was strongly dependent on the interval that was compared 
and the optimal interval was different for the two locations. 

  Conclusion : Cluster size was indeed strongly infl uenced by time interval and 
location in interaction, but cluster signifi cance appeared independent of location. 
Time periods of 10 s (20–30 or 30–40 s) were feasible, but maximal statistical 
power was obtained for 20–50 s durations. This knowledge allows maximization 
of sensitivity of [ 15 O]-H 2 O PET experiments through rational experimental and 
statistical design.  

   Abbreviations 

  ANOVA    Analysis of variance   
  ASL    Arterial spin labeling   
  CBF    Cerebral blood fl ow   
  fMRI    Functional MRI   
  MRI    Magnetic resonance imaging   
  PET    Positron emission tomography   
  rCBF    Regional CBF   
  SPM    Statistical parametric mapping   
  SPSS    Statistical package for the social sciences   
  TAC    Time-activity curve   

6.1          Introduction 

6.1.1    Using PET to Study Brain Function 

 Many different techniques and scientifi c disciplines have played a role in building 
up our current understanding of the brain. PET has been a great contributor because 
it can be used to study a myriad of cerebral processes, structures, and molecules. 
PET has a very strong and ongoing role in imaging of receptors, enzymes, and 
nucleic acids. 

 Another important contribution that PET continues to make to brain science is 
the real-time identifi cation of activated brain areas. Brain activation studies exploit 
the temporary increase in metabolism that occurs when a brain area is activated. 
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This increase in metabolism induces extra blood fl ow to that area and a larger glu-
cose extraction from that blood. PET can detect both the extra blood fl ow and the 
enhanced glucose capture. 

 Brain activation studies with [ 15 O]-H 2 O PET exploit the phenomenon that 
regional cerebral blood fl ow (rCBF) in activated brain regions is increased. This 
increase changes the kinetics of injected [ 15 O]-H 2 O. To detect blood fl ow in the 
brain, the scientist, doctor, or medical nuclear worker injects a bolus of [ 15 O]-H 2 O 
into a large vein, usually in the arm. This bolus travels to the heart via the vena cava 
and then to the lungs via the pulmonary artery, mixing with blood as time pro-
gresses. During the passage through the lungs the [ 15 O]-H 2 O in the blood is joined 
by fresh oxygen (O 2 ) and travels along the pressure gradient back to the heart via the 
pulmonary vein. One-fi fth of the blood with its dissolved [ 15 O]-H 2 O and oxygen 
then travels to the brain via the carotid arterial system and the vertebral arterial 
system, both of which connect to the circle of Willis. All arteries that penetrate into 
the brain tissue itself arise from the vertebral arterial system and the circle of Willis. 
These arteries carry [ 15 O]-H 2 O and oxygen to all brain areas but to an even larger 
extent to brain areas that are more active. 

 A series of brain scans are made with the PET camera, usually under different 
conditions. Activation maps, familiar as pictures of the brain with superimposed 
“activations,” can then be generated by statistically comparing the summed activity 
over a specifi c time interval between a task and a control task. The fi nal result, 
including the statistical power and hence the size of the “activations,” depends on a 
number of choices that have to be made by the researcher.  

6.1.2    Optimization of PET Studies of the Brain 

 One of the most important choices to make in PET data analysis is the time intervals 
to compare. We will thoroughly describe what the effect of the time interval is on 
the activations that are induced by different tasks. 

 The time interval is defi ned by the researcher by choosing the value of two param-
eters: the duration of the interval and its onset relative to tracer arrival in the brain. The 
duration of the time interval determines the temporal resolution of the measurement. 
Most [ 15 O]-H 2 O PET studies compared time periods of 1.5–2 min. The reason for this 
is that this results in relatively high statistical power (Kanno et al.  1991 ; Silbersweig 
et al.  1993 ) through the collection of a relatively large amount of disintegrations. 
However, this does not imply that PET methodology is unable to detect brain activation 
in shorter time intervals (Cherry et al.  1995 ; Gold et al.  1997 ; Hurtig et al.  1994 ; 
Silbersweig et al.  1995 ,  1993 ,  1994 ; Volkow et al.  1991 ). Not surprisingly, for short 
tasks or short stimuli, it is best to compare short intervals, provided that the stimulus 
occurs during the tracer uptake phase (Silbersweig et al.  1993 ; Volkow et al.  1991 ). 

 This indicates that not only the length of the time interval determines the result 
but also the timing of the interval relative to tracer arrival in the brain. So far, there 
does not appear to be a real consensus about the optimal start and length of the 
interval to take into consideration. 
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 This could be due to differences between studies in data analysis (SPM or other 
methods), on stimulus or task duration, but also on the type of task. The type of task 
determines the brain areas activated, and because the delivery of blood to the brain 
is inhomogeneous in time and space (Ito et al.  2003 ,  2000 ), the optimal start and 
duration of the compared time period may differ between regions. 

 As far as we could determine, no systematic descriptions of the dependency of 
activation maps on start and duration of compared time interval have yet been pub-
lished for [ 15 O]-H 2 O PET. Also, no regional differences in these dependencies have 
been described yet. 

 Here we aimed to characterize the dependence of the activation map (both size 
and signifi cance of activated clusters) on the following: (1) The duration of the 
compared interval. Is it always better to compare long intervals for ongoing tasks? 
(2) The onset of the compared interval. Should one compare early intervals or late 
intervals? From this we aimed to investigate regional differences in the optimal time 
period with the ultimate aim to predict optimal time intervals for a given brain 
region. To arrive at optimized regional sensitivity of [ 15 O]-H 2 O PET through ratio-
nal experimental and statistical design, we used a PET dataset with two homoge-
neous experimental tasks and analyzed all possible permutations of consecutive 
frame summations for statistical differences.   

6.2    Materials and Methods 

6.2.1    Participants and Imaging Procedures 

 Detailed methods have been published elsewhere (Georgiadis et al.  2006 ), but, briefl y, 
11 healthy right-handed females (mean age 34, range 21–47) participated after written 
informed consent according to the Declaration of Helsinki. Experimental procedures 
were approved by the Medical Ethics Committee of the University Medical Center 
Groningen. Five hundred MBq of [ 15 O]-H 2 O was injected at 8 ml/s into the right ante-
cubital vein. Eight 2-min scans were made with 8 min in between. Scans consisted of 
six 10-s frames and one 1-min frame. Scans 2–8 had an extra 30-s frame at the start to 
measure background activity. Injection was at the start of the fi rst 10-s frame.  

6.2.2    Experimental Tasks 

 These scans were made in the context of our Sexual Health Research Program. The 
 control task  (scans 4 and 5) was passive reception of clitoral stimulation from their 
male partner. The  motor task  (scans 2 and 3) consisted of the same stimulation, but 
additional rhythmic contraction of the muscles of hip, buttock, abdomen, and pelvic 
fl oor. The other scans were not used here. We selected these tasks for analysis 
because they (1) are homogeneous, (2) last over the entire scan, and (3) induce 
robust activations (Blok et al.  1997 ; Georgiadis et al.  2006 ; Seseke et al.  2006 ). 
Tasks that were not analyzed for this report were the fi rst scan (passive rest) and the 
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last three scans (attempted orgasm). Brain activation due to stimulation and orgasm 
have been published elsewhere (Georgiadis et al.  2006 ,  2009 ).  

6.2.3    Data Preprocessing 

 After background correction, all resulting scans had seven frames. Spatial process-
ing and statistical analysis were done with SPM (  http://www.fi l.ion.ucl.ac.uk/spm/    ). 
The frames within each scan were realigned, and the fi rst 10-s frame was discarded 
from analysis because of low counts and relatively high variability. The remaining 
six frames were then summed in all possible permutations of consecutive frames 
(see also Fig.  6.1 ). The summed images were spatially normalized (affi ne only) to 
the SPM [ 15 O]-H 2 O template and smoothed with a 10-mm kernel.

6.2.4       Statistical Analysis 

 Data from all experimental tasks were modeled with a general linear model, with a 
proportional scaling step. Volunteers and experimental tasks were modeled as fac-
tors (multi-subject: conditions and covariates). Contrast images between  motor task  
and  control task  were calculated for all the different time intervals. Statistical 
threshold was set to  p  < .001, uncorrected for multiple comparisons. Glass brains 
with activated voxels as a function of the selected time interval are presented in 
Fig.  6.1 . The size of reported and displayed clusters is at least eight voxels. 

 We used the number of activated voxels in the activated clusters and its  Z  value 
as a primary outcome (Fig.  6.2 ).

   Finally, we constructed time-activity curves (TACs) for the activated clusters in order 
to verify and illustrate the results from SPM comparison of the different intervals 
(Fig.  6.3 ). With the program Amide (  http://amide.sourceforge.net/    ), TACs were con-
structed as follows. First, ellipsoid ROIs were drawn over the activated foci in the senso-
rimotor area (22.6 mL) and the cerebellum (19.0 mL) on a subject by subject basis. To 
correct for injected radioactivity dose per scan, we used an ellipsoid covering the whole 
brain (3.11 L), calculated the mean radioactivity concentration over the fi nal fi ve frames, 
and divided all time points in the sensorimotor and cerebellar ROI by this value.

   We performed ANOVA repeated measures (SPSS 12.0.2, Chicago, IL, USA) on 
the TACs with region, task, and time as factors.   

6.3    Results 

6.3.1    SPM Analysis 

 Figure  6.1  shows the intervals that were compared (in white) along with the brain 
activation patterns ( t -distribution maps in a lateral glass brain) that resulted from all 
of these comparisons. 
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  Fig. 6.1    The same contrast 
analysis,  motor task  versus 
 control task , resulted in 
markedly different activation 
patterns depending on the 
time interval that was 
analyzed (indicated by  white 
bars ).  Small arrows  in the 
glass brains indicate the voxel 
with the highest  t -value. All 
results are thresholded at 
 p  uncorrected  < 0.001       
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 Two robust brain activation loci were present for in the majority of compared 
intervals: the dorsal sensorimotor cortex and the medial part of the anterior cerebel-
lum. As can be seen in the top rows of this fi gure, signifi cant rCBF differences were 
also found with the shortest duration of the time period: 10 s. The 10 s interval that 
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  Fig. 6.2    The same contrast analysis,  motor task  versus  control task , resulted in different results, 
depending on the time interval that was analyzed. Two clusters ( fi rst column ) had different sizes 
( middle column ) and different statistical signifi cance ( last column ) depending on the period. The 
largest activation in sensorimotor cortex was found for the period 10–40 s while for cerebellar it was 
obtained for 20–120 s. The statistical power for both clusters was maximal for the period 20–50 s       
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  Fig. 6.3    Average time-activity curves (TACs) for the two activated clusters in relation to the tasks: 
in the  motor  condition the sensorimotor cluster is more dynamic and reaches a higher radioactivity 
concentration. Count rates were normalized intrascan to the average whole-brain activity concen-
tration in the last fi ve frames.  Error bars  indicate standard deviations over subjects       
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resulted in the largest activation was 30–40 s after injection of the radiotracer. The 
period compared clearly had a strong infl uence on the activation maps: both activa-
tion clusters were highly variable and the sensorimotor cluster was sometimes com-
pletely absent (for periods 50–60 and 50–120 s). 

 The sizes of the two clusters were very dependent on the time interval compared, 
and, moreover, the period resulting in maximum cluster size was very different for 
the two clusters. Figure  6.2  gives a matrix representation of the interval dependency 
of cluster size (middle column) and cluster signifi cance (far right column). 

 For the cerebellar cluster, the maximum size was 2,008 voxels, which was 
reached by comparing 20–120 s after tracer injection between the two conditions 
( motor  and  control ). However, the cerebellar cluster reached its highest signifi cance 
( Z  = 5.93) for the period 20–50 s (top right in Fig.  6.2 ). 

 For the sensorimotor cluster, the maximum size was 1,734 voxels, but this was 
reached for a completely different interval: 10–40 s rather than 20–120 s. Not only is 
the optimum period much earlier, it is also much shorter for the sensorimotor cluster. 

 The highest signifi cance ( Z  = 5.18) for this cluster is, now identical to that for the 
cerebellum, found for the period 20–50 s (bottom right in Fig.  6.2 ).  

6.3.2    TAC Analysis 

 TACs for the two regions are presented in Fig.  6.3 . Visual inspection shows clear 
differences between the two anatomical areas. ANOVA repeated measures of the 
TACs confi rmed this impression, revealing in addition to a strong time effect 
[ F (5) = 49.63,  p  = 0.02] a strong interaction of time and region [ F (5) = 30.49, 
 p  = 0.032]. (Interactions time × task and time × task × region could not be investi-
gated due to lack of residual degrees of freedom.) 

 The sensorimotor cluster reached higher radioactivity concentration in the  motor  
condition than the cerebellar cluster, which was also more stable in time.   

6.4    Discussion 

 In [ 15 O]-H 2 O PET it is common to use SPM subtraction analysis on 1.5- or 2-min 
intervals, but it is unclear whether these intervals result in maximal cluster size or 
signifi cance. Here, we aimed to systematically investigate the infl uence of time 
interval on these properties of activated clusters. We compared all possible permuta-
tions of consecutive frames of a  motor task  and a  control task . 

 Overall, the main activated clusters in our tasks were in the anterior part of the 
cerebellum, including the anterior lobe of the vermis and deep cerebellar nuclei, and 
in the region of the dorsal precentral gyrus and paracentral lobule. Both these 
regions were also found in previous studies of voluntary pelvic muscle contractions 
(Blok et al.  1997 ; Georgiadis et al.  2006 ,  2009 ; Seseke et al.  2006 ). In all likelihood 
they represent the sensorimotor area of striated pelvic muscles and the functionally 
connected cerebellar domains. 
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 The choice of the analyzed time interval had a profound infl uence on the overall 
activation map. In particular, the analysis gave maximal cluster size in the senso-
rimotor area when the interval 10–40 s was used, whereas for the cerebellum this 
was for the interval 20–120 s. So both the optimal onset and the optimal duration of 
the time period were regionally dependent. 

 The basis for this fi nding is the different temporal dynamics of the activity con-
centration in the two regions or, more precisely, the different dynamics of the differ-
ence between the curves for the two tasks between the two regions. The difference 
between the TACs for the two tasks was more or less constant for the cerebellum 
(Fig.  6.3 , left pane), but for the sensorimotor area, the difference between the two 
curves was clearly larger during the fi rst half of the scan (Fig.  6.3 , right pane). This 
is in agreement with the SPM fi ndings that comparing long intervals works best for 
the cerebellum and that, by contrast, comparing shorter earlier intervals works best 
for the sensorimotor area. 

 It is known that blood fl ow in the cerebellum is very different from that in the 
cerebral cortex. In particular, cerebellar CBF (Bauer et al.  1999 ; Ito et al.  2003 ; 
Tomita et al.  1978 ) and perfusion pressure (Ito et al.  2003 ,  2000 ) are among the 
highest in the brain. Because vascular water is extracted into brain tissue, but clear-
ance from tissue is slow (Wong  2000 ), the rising phases of the TACs for the cerebel-
lum and sensorimotor area are similar. It is not understood why the higher perfusion 
pressure in the cerebellar vasculature appears to reduce extraction of labeled water 
(more horizontal TACs than in the sensorimotor area) rather than to increase it. 

 In addition to the size of the activated cluster, the signifi cance of the clusters was 
also highly dependent on the time interval compared. In this case, however, the time 
period yielding maximal values was the same for the cerebellar and sensorimotor 
cluster: 20–50 s. 

 Our results demonstrate that the analysis of continuously performed tasks is not 
necessarily most sensitive when long intervals are compared. Also, and this may not 
be the case for short events (Silbersweig et al.  1993 ; Volkow et al.  1991 ), including 
the washout phase into the analysis does not necessarily lead to smaller activations, 
although it does reduce signifi cance. A surprising fi nding was that signifi cant acti-
vations can readily be detected by SPM with intervals as short as 10 s, which is three 
times shorter than previously stated (Silbersweig et al.  1993 ). 

 [ 15 O]-H 2 O PET is a very sensitive technique albeit relatively old technique. By 
carefully choosing the time interval of interest, guided by the region of interest, it is 
possible to achieve dramatic increases in sensitivity compared to the commonplace 
method of comparing 1.5- or 2-min intervals. Cerebellar activation is best studied 
with longer intervals while sensorimotor area activations can be best detected with 
shorter, early intervals, even if the task is carried out for much longer. 

   Conclusion 

 In conclusion, we were able to derive which time intervals gave maximally sized 
activations and maximal signifi cance in two distinct brain areas. This knowledge 
allows maximization of sensitivity of [ 15 O]-H 2 O PET activation studies through 
rational experimental and statistical design.      
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