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Purpose: To investigate intersite variability of clinical functional 
magnetic resonance (MR) imaging, including influence of 
task standardization on variability and use of various pa-
rameters to inform the clinician whether the reliability of 
a given functional localization is high or low.

Materials and 
Methods:

Local ethics committees approved the study; all partici-
pants gave written informed consent. Eight women and 
seven men (mean age, 40 years) were prospectively in-
vestigated at three experienced functional MR sites with 
1.5- (two sites) or 3-T (one site) MR. Nonstandardized 
motor and highly standardized somatosensory versions 
of a frequently requested clinical task (localization of the 
primary sensorimotor cortex) were used. Perirolandic 
functional MR variability was assessed (peak activation 
variability, center of mass [COM] variability, intraclass 
correlation values, overlap ratio [OR], activation size ra-
tio). Data quality measures for functional MR images in-
cluded percentage signal change (PSC), contrast-to-noise 
ratio (CNR), and head motion parameters. Data were an-
alyzed with analysis of variance and a correlation analysis.

Results: Localization of perirolandic functional MR activity differed 
by 8 mm (peak activity) and 6 mm (COM activity) among 
sites. Peak activation varied up to 16.5 mm (COM range, 
0.4–16.5 mm) and 45.5 mm (peak activity range, 1.8–
45.5 mm). Signal strength (PSC, CNR) was significantly 
lower for the somatosensory task (mean PSC, 1.0% 6 
0.5 [standard deviation]; mean CNR, 1.2 6 0.4) than for 
the motor task (mean PSC, 2.4% 6 0.8; mean CNR, 2.9 
6 0.9) (P , .001, both). Intersite variability was larger 
with low signal strength (negative correlations between 
signal strength and peak activation variability) even if the 
task was highly standardized (mean OR, 22.0% 6 18.9 
[somatosensory task] and 50.1% 6 18.8 [motor task]).

Conclusion: Clinical practice and clinical functional MR biomarker 
studies should consider that the center of task-specific 
brain activation may vary up to 16.5 mm, with the inves-
tigating site, and should maximize functional MR signal 
strength and evaluate reliability of local results with PSC 
and CNR.
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and were scheduled to undergo brain 
surgery for a second time. Absence of 
relevant morphologic changes between 
visits was evaluated through analysis 
of the anatomic images of all sites (Fig  
1; Tables 1, 2) and could be confirmed 
for every patient by two of us (R.B., a 
senior neurologist with 20 years of ex-
perience; M.C.W., a junior radiologist 
with 3 years of experience). Absence 
of relevant clinical changes was also 
confirmed at the investigational sites by 
three of us (R.B., a senior neurologist 
with approximately 20 years of clini-
cal functional MR imaging experience; 
S.G., a senior neurologist with approx-
imately 15 years of clinical functional 
MR imaging experience; and F.K., a se-
nior radiologist with approximately 10 
years of clinical functional MR imaging 
experience).

During each visit, every patient 
performed two separate tasks with 
the contralesional hand. These were 
a highly standardized somatosensory 

previous studies investigated measures 
of variability relevant for the individual 
patient, such as the spatial variability of 
functional MR imaging activations.

We investigated intersite variability 
of clinical functional MR imaging, includ-
ing the influence of task standardization 
on variability and the use of various pa-
rameters to inform the clinician whether 
the reliability of a given functional local-
ization is high or low.

Materials and Methods

Patients and Tasks
This prospective study was approved 
by the local ethics committees of each 
participating institution. Within a study 
period of 26 months, 15 patients (for 
the group, mean age and range were 
40 years and 18–55 years; for women, 
mean age and range were 42 years and 
31–55 years; for men, mean age and 
range were 37 years and 18–52 years) 
from a series of consecutively referred 
patients for presurgical evaluation of 
the primary sensorimotor cortex were 
prospectively included, with written in-
formed consent (Tables 1, 2). Inclusion 
criterion was the request for a clinical 
functional MR imaging report, allowing 
varying pathologic findings and clinical 
symptoms. Exclusion criteria were gen-
eral MR imaging contraindications (n = 
0), unjustifiable risks associated with 
the study efforts (n = 5), or missing 
agreement (n = 11). All measurements 
were acquired before planned surgery, 
but seven patients had already under-
gone surgery before study inclusion 

Because of the capability of nonin-
vasive monitoring of brain activ-
ity with high spatial resolution, 

clinical applications of blood oxygen 
level–dependent functional magnetic 
resonance (MR) imaging are steadily in-
creasing. Since its introduction 20 years 
ago, functional MR imaging has become 
a key technology to avoid invasive pre-
surgical procedures, such as the Wada 
test, to localize functional brain tissue 
(1). Functional MR imaging also is in-
creasingly being used as a biomarker 
for intervention effects in a large vari-
ety of brain diseases (2–5). Investiga-
tors in previous studies have assessed 
intrasubject, intrasite, and between-site 
variability with healthy subjects (6–10); 
however, to our knowledge, researchers 
in no previous study have compared the 
same patients at different functional MR 
imaging sites.

Owing to the pathophysiologic 
changes in brains with diseases, as well 
as patient-specific methodological lim-
itations, functional MR imaging results 
from healthy subjects are not represen-
tative for patient populations. Moreover, 
the main goal of investigators in previ-
ous studies on between-site variabil-
ity was to prove the feasibility of mul-
ticentric functional MR imaging group 
studies with pooled data (6–15). There-
fore, the researchers in none of these 

Implications for Patient Care

 n For presurgical planning (in-
cluding estimation of resection 
margins), clinicians should con-
sider functional MR imaging vari-
ability (eg, the COM of task-spe-
cific brain activation may vary up 
to 16.5 mm, with the investi-
gating site).

 n Clinical functional MR imaging 
setups should maximize PSC and 
CNR; such parameters can be 
used as indicators for the reli-
ability of the local clinical report.

Advances in Knowledge

 n Clinical functional MR imaging 
variability among patients and 
centers can be substantial, even 
when the task is highly standard-
ized; in this study, peak activa-
tion varied up to 45.5 mm and 
center of mass (COM) varied up 
to 16.5 mm between sites.

 n Clinical tasks with high activation 
levels are more important than 
extensive task standardization.

 n High percentage signal change 
(PSC) and contrast-to-noise ratio 
(CNR) indicate better reliability 
of functional MR imaging results 
compared with the reliability 
achieved from low PSC and CNR 
data sets.
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ROI = region of interest
SPM = statistical parametric mapping
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three activation periods, and four rest 
periods of 20 seconds each). With the 
motor task, the following instruction 
was given: “Provide a localization of the 
primary motor hand area according to 
your best local procedures.” At each 
site, fist clenching was used (site-spe-
cific blocked design, 1–10 runs per ses-
sion, three to eight activation periods, 
four to nine rest periods).

Data Acquisition
The following MR units were used at 
the three sites: site 1, 1.5-T Magnetom 
Vision (Siemens, Erlangen, Germany); 
site 2, 1.5-T Gyroscan ACS-NT Pow-
ertrak 6000 (Philips Healthcare, Best, 
the Netherlands), with 3-T Achieva 

task and a nonstandardized motor task, 
and these tasks differed in various as-
pects of standardization. With the so-
matosensory task, identical vibrotactile 
stimulators (16) and stimulation proto-
cols were used at each functional MR 
imaging site. The following instruction 
was given: “Provide a localization of 
the primary sensory hand area accord-
ing to the predefined procedures.” The 
“predefined procedures” consisted of 
finger cuffs placed on the second and 
third finger of the contralesional hand 
with identical cuff sizes and positions; 
identical pseudorandom stimulation 
(16), and 10 runs per session with a 
150-second duration for each (blocked 
design, 10-second dummy MR images, 

Table 1

Patient Characteristics

Patient No./Sex/Age (y) Admission Diagnosis*

1/M/18 Infarction of the right middle cerebral artery; intractable epilepsy, surgery  
 was planned

2/F/55 Glioblastoma mutliforme, right insula
3/F/42 Gliosis of the right hemisphere, surgery was planned
4/F/40 Astrocytoma WHO grade II, left operculum
5/M/27 Astrocytoma WHO grade II, left central region
6/M/53 Astrocytoma WHO grade II, right frontal lobe
7/F/43 Oligodendroglioma WHO grade II, left insula
8/F/46 Oligodendroglioma WHO grade II, right temporal lobe
9/M/36 Pleomorphic xanthoastrocytoma, left temporal lobe
10/F/45 Mixed glioma WHO grade II, left frontotemporal lobe
11/M/43 Astrocytoma WHO grade II, left operculum; after intracerebral hemorrhage
12/F/31 Astrocytoma WHO grade II, left frontotemporal lobes
13/F/36 Oligoastrocytoma WHO grade II, left frontal lobe
14/M/31 Oligodendroglioma WHO grade II, left insula
15/M/52 Glioblastoma multiforme, left perirolandic area

* WHO = World Health Organization.
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Figure 1

Figure 1: Represen-
tative anatomic images 
from all three sites for 
patient 13, who had the 
longest interval between 
visits. No relevant mor-
phologic changes could 
be detected.
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(Philips Healthcare) used in patients 
11, 14, and 15; site 3, 3-T Medspec 
(Bruker Medical, Ettlingen, Germany), 
with 3-T Magnetom Trio (Siemens) 
used in patients 14 and 15.

The spatial distances between sites 
were 186 km (between sites 1 and 2), 
476 km (between sites 1 and 3), and 
296 km (between sites 2 and 3). The 
sites interact regularly with scientific 
information exchange; however, each 
site uses different hardware and func-
tional MR imaging methods. Functional 
images were acquired parallel to the 
anterior commissure–posterior com-
missure plane with identical parame-
ters, as follows: an echo-planar imag-
ing sequence, repetition time of 4000 
msec, a flip angle of 90°, a field of view 
of 230 3 230 mm, 30 sections, 3-mm 
section thickness, and no gap. Echo 
time (30–55 msec) and voxel size (1.6 
3 1.6 3 3.0 mm3 to 3.6 3 3.6 3 3.0 
mm3) varied for locally optimized blood 
oxygen level–dependent signal. No local 
smoothing during reconstruction was 
performed.

Data Analysis
Data analysis was performed by two of 
us (R.B., a senior neurologist with 20 
years of experience, and M.C.W., a ju-
nior radiologist with 3 years of experi-
ence) at the principal investigation cen-
ter (Department of Neurology, Medical 
UIniversity of Vienna, Vienna, Austria) 
by using statistical parametric map-
ping (SPM) (SPM8; Wellcome Depart-
ment of Cognitive Neurology, London, 
England) and local scripts to compute 
peak activation, center of mass (COM) 
of activation, activation size ratio (SR), 
overlap ratio (OR), percentage signal 
change (PSC), and contrast to noise ra-
tio (CNR). Statistical support was pro-
vided by a statistician who was not an 
author. Because the primary study focus 
was on providing an estimate of func-
tional MR imaging variability for clini-
cal practice (which typically includes 
different hardware and different proce-
dures at each site), all data were equally 
weighted and handled, and site-specific 
factors such as local MR unit hardware, 
field strengths, and local patient han-
dling were not considered.

On the basis of our previous method-
ological investigations about registration 
issues (17,18) and after evaluating var-
ious alternative image registration pro-
cedures, we minimized postprocessing 
steps and performed no normalization 
to the Montreal Neurological Institute 
space to keep the voxel signals of the 
functional images true to the original. 
For image coregistration, the following 
procedure was applied: (a) For every 
patient, all functional volumes were first 
realigned to the first volume of the in-
dividual patient at the respective site 
(head motion control). (b) Then, all 
site-specific data sets were coregistered 
to the first volume of the first experi-
mental run of this patient recorded at 
site 2. This step resulted in identical but 
patient-specific brain positions over all 
three sites. Successful registration was 
checked with every patient.

Each coregistered functional data 
set was smoothed with a Gaussian ker-
nel (full width at half maximum doubled 
echo-planar imaging voxel size). Individ-
ual SPM t maps were then calculated by 
using a general linear model.

To consider only clinically relevant 
activity, perirolandic regions of interest 
(ROIs) containing the primary senso-
rimotor cortex were drawn by a neu-
rologist (R.B., with about 20 years of 
functional MR imaging experience) for 
each patient (19) Fig 2). Because the 
criterion for ROI borders was based on 
neuroanatomy, the validity of our neuro-
anatomical analysis was double-checked 
by evaluating whether the primary sen-
sorimotor activation really comprised 
the neuroanatomical ROIs. This was 
conducted at a threshold widely used in 
functional MR imaging literature (P , 
.001, uncorrected). The resulting ROIs 
comprised between 488 and 2977 vox-
els (mean, 2010 voxels). For all subse-
quent analyses, only voxels within these 
ROIs were considered.

Quantification of Intersite Variability of 
Functional MR Imaging Localizations
For each task, the intersite variability of 
functional MR imaging localizations was 
quantified through commonly used var-
iability metrics (8–15,20–22), includ-
ing the following: (a) peak activation 

variability, (b) COM variability, (c) in-
traclass correlation coefficients (ICCs), 
(d) OR, and (e) activation SR.

For calculation of peak activation 
variability, peak activation was de-
fined as the ROI voxel with the high-
est t value per patient, task, and site. 
Peak activation should represent the 
most likely position where task-specific 
functional tissue can be found. There-
fore, this metric is commonly used in 
functional MR imaging somatotopic 
studies to quantify localization differ-
ences (20,21). Intersite variability was 
determined by obtaining the euclidian 
distance (ED) between the peak activa-
tion voxels (PVs), comparing all pairs of 
sites per patient and task. From these 
45 EDs (15 patients multiplied by three 
site pairs), the median and the inter-
quartile range were calculated per task. 
In addition, results of a morphologic 
analysis were used to determine the 
distance between the border of tissue 
that appeared to be pathologically af-
fected on echo-planar images (the types 
of neurologic diseases are detailed in 
Tables 1 and 2) and the PV.

As peak activation variability may 
be influenced by noise, we also com-
puted the COM variability, which is a 
more stable feature (20,21). The COM 
of active voxels was calculated for each 
experiment. First, a threshold at a fam-
ily-wise error (FWE)-corrected P value 
of less than .05 was set to separate 
active voxels from nonactive voxels on 
SPM t maps. Only ROI voxels above this 
threshold then entered the COM calcu-
lation. Then, intersite variability of the 
COM was determined, corresponding 
to the peak activation analysis (ie, COM 
analysis was performed in the same way 
as the peak activation analysis), except 
that measurements with no supra-
threshold voxels were not considered 
for this evaluation.

We also calculated the ICC (23). 
The ICC can be used to measure var-
iability between functional MR imaging 
sites (10,12–15). The between-site ICC 
measures the fraction of the total var-
iance of a dependent variable that is 
due to the between-subject variance. 
A higher between-site ICC indicates a 
lower contribution of the sites to the 
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effects. The ICC was then computed as 
ICC(2,1) in the notion of Shrout and 
Fleiss (23).

A further analysis was used to check 
variability of the activation volume with 
calculation of OR and SR, derived ac-
cording to Rombouts et al (8). The OR 
quantifies reproducibility of localization 
of activation between different mea-
surements (in terms of cluster overlap-
ping), whereas the SR quantifies the 
reproducibility of the size of activation 
(in terms of the number of active vox-
els) (8). Both ratios range between zero 
(no reproducibility) and one (complete 
reproducibility).

For ROIs with suprathreshold voxels 
(P , .001, uncorrected) (8,14,15), SR 
and OR were computed for all pairs of 
functional MR imaging sites, patients, 
and tasks separately. Correspondingly, 
SRs and ORs were computed over all 
three sites per patient and task, and the 
median of these values was determined.

Quantification of Data Quality Effects
We also looked for data quality param-
eters that might inform the clinician 
whether the functional MR imaging re-
sult is reliable. PSC, CNR, and motion 
parameters (translation, rotation) were 
computed as data quality measures. PSC 
and CNR calculation was based on ROI 
voxels with P , .05 FWE corrected (19).

Statistical Evaluation of Calculated 
Parameters
To evaluate the influence of tasks, sites 
(or site comparisons), and subjects on 
the parameters of intersite variability, 
as well as the parameters of functional 
MR imaging data quality, ANOVAs were 
used. The following ANOVA model was 
chosen for each parameter: Yijk = M + 
Subi + Sitej + Tk+ (Subi ⋅ Sitej) + (Subi ⋅ 
Tk) + (Sitej ⋅ Tk) + Uijk, where Yijk is the 
dependent variable for subject i, site j, 
and task k; Tk is task k; and Uijk is unex-
plained for subject i, site j, and task k.

For parameters that were based on 
two-site comparisons (eg, peak activa-
tion variability, COM variability, two-site 
OR, two-site SR), Sitej was replaced by 
Site-comparison j. For parameters that 
were based on three-site comparisons 
(eg, three-site OR, three-site SR), the 

corrected) entered analysis for each pa-
tient, site, and task.

The following ANOVA model was 
chosen for each task: Yij = M + Subi + 
Sitej + Uij, with Yij denoting the depen-
dent variable for subject i and site j, M 
signifying the mean, Subi signifying sub-
ject i, Sitej signifying site j, and Uij signi-
fying unexplained for subject i and site j. 
Subject and site were treated as random 

overall variability and therefore a high-
er between-site reliability. The extreme 
case (ICC of one) would mean that all 
sites produced identical results. As de-
pendent variable for an analysis of vari-
ance (ANOVA), the mean value of beta 
regressors of the SPM general linear 
model (obtained during model estima-
tion) was used. However, only highly 
reliable ROI voxels (with P , .05, FWE 

Figure 2

Figure 2: Example of neuroanatomic ROI definitions on axial echo-planar images, which show central 
distortions, in patient 13. The patient previously underwent brain surgery. A, Functional echo-planar images 
with ROIs in red. B, Corresponding anatomic images.
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model was adjusted in the following 
way: Yij = M + Subi + Tj + Uij, where Tj 
is task j.

As the significance level, P , .05 
(two-tailed test) was chosen. For pa-
rameters showing significant influence 
of the factors task and site additional 
paired t tests were performed to check 
whether task differences were present 
in all sites (P value Bonferroni correct-
ed to .016 [two-tailed test]).

To check for correlations between 
data quality and functional MR imaging  
variability, Pearson correlation coeffi-
cients between the measures of func-
tional MR imaging variability (peak 
activation variability, COM variability, 
three-site OR, three-site SR; mean 
values per patient and task) and func-
tional MR imaging data quality (PSC, 
CNR, motion parameters; mean 
values per patient and task) were also 
obtained.

Results

Individual Brain Activation Maps
We checked all data sets for above-
threshold activity within the respective 

ROIs (Table 3). After detailed instruc-
tions and training, all patients fully col-
laborated (as monitored throughout the 
measurements), but not all measure-
ments showed active voxels at all tested 
thresholds. The nonstandardized motor 
task generated more above-threshold 
activity: At least 88.9% of the mea-
surements were successful, as opposed 
to 64.4% with the somatosensory task 
(Table 3).

Quantification of Intersite Variability of 
Functional MR Imaging Localizations
For the highly standardized task, the 
median localization error in terms of 
peak activation variability (median ED 
between PVs across all patients; com-
paring sites 1 vs 2, 1 vs 3, and 2 vs 3 
per patient and task) was 7.9 mm (in-
terquartile range [IQR], 5.4–16.5 mm). 
The single patient with the smallest 
variation demonstrated the following 
differences: 1.8 mm (site 1 vs 2), 2.5 
mm (site 1 vs 3), and 4.0 mm (site 2 
vs 3). The single patient with the great-
est variation demonstrated the follow-
ing differences: 27.6 mm, 45.5 mm, 
and 20.1 mm. For the motor task, the 
median peak localization error was 8.3 

mm (IQR, 5.8–14.0 mm). The single 
patient with the smallest variation had 
differences of 3.6 mm, 4.0 mm, and 6.5 
mm. The single patient with the great-
est variation had differences of 1.8 mm, 
25.4 mm, and 26.4 mm. Distances be-
tween PVs and borders with patholog-
ically affected tissue ranged between 
zero and 53.5 mm. Median COM var-
iability for the highly standardized task 
(comparison performed as with peak 
voxels; however, ROIs with absent ac-
tivity were not considered) was 5.8 mm 
(IQR, 3.4–8.0 mm), with a maximum 
of 12.0 mm. Median COM variability 
for the motor task was 5.7 mm (IQR, 
3.2–7.9 mm), with a maximum of 16.5 
mm (Fig 3).

Neither PV variability nor COM 
variability, respectively, differed signif-
icantly between tasks (P = .669, P = 
.501), site comparisons (P = .514, P = 
.403), or subjects (P = .641, P = .574). 
Quantitative values are delineated in 
Table 4. However, a significant interac-
tion between task and site comparison 
(P = .032), as well as between task and 
subject comparison (P = .001), was ob-
served for peak activation variability. A 
follow-up of the significant interaction 

Table 3

Activity within ROI and Correlation Analysis Results

a: activity in rOi at Various Thresholds
Task Activity at P , .01, Uncorrected (%) Activity at P , .001, Uncorrected (%) Activity at P , .05, with FWE Correction (%)

Somatosensory 88.9 84.4 64.4
Motor 97.8 95.6 88.9

B: correlation coefficients for Tasks
Parameter Mean CNR Mean PSC Mean Translation* Mean Rotation*
Sensorimotor task
 Mean ED PV 20.16 20.20 0.39 0.35
 Mean ED COM 20.40 20.02 0.28 20.79
 Three-site OR 0.54† 0.48 20.21 20.15
 Three-site SR 0.33 0.27 20.02 20.23
Motor task
 Mean ED PV 20.52† 20.56† 20.23 20.05
 Mean ED COM 20.29 0.49 0.02 20.21
 Three-site OR 0.71‡ 0.62† 20.19 20.53†

 Three-site SR 0.75‡ 0.77‡ 20.01 20.54†

Note.— ED COM = ED between COM values, ED PV = ED between PVs.

* Head motion during functional MR imaging acquisition.
† Correlation was significant at P = .05 (two-tailed test).
‡ Correlation was significant at P = .01 (two-tailed test).
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Figure 3

Figure 3: Intersite variability of functional localizations shown for the patient with maximum COM differences. COM voxels (red) are projected 
on the respective axial echo-planar image. A, COM variability for the motor task, with maximum ED between two sites of 16.5 mm. B, COM 
variability for the somatosensory task, with maximum ED between two COM voxels of 12.0 mm. C, Peak voxel variability for the motor task, with 
maximum ED between two peak voxels of 17.4 mm. D, Peak voxel variability for the somatosensory task, with maximum ED between two peak 
voxels of 23.3 mm. fMRI = Functional MR imaging.

task differences at all sites for PSC and 
CNR (P , .005, for all comparisons) 
(Table 6).

For both tasks negative corre-
lations of peak voxel variability and 
COM variability with PSC and CNR  
were observed. A positive correlation 
of OR and SR with PSC and CNR for 
both tasks was observed, as well. In re-
gard to the influence of motion during 
measurement, a negative correlation of 
translation, as well as of rotation, with 
OR and SR was observed. Although not 
all correlations were significant (P , 
.05, two-tailed test) (Table 3), results 
indicate that measurements with higher 
PSC, higher CNR, and less motion are 
more reliable.

Discussion

The major finding of our study was that 
the diagnostic uncertainty clinicians face 
with functional MR imaging localizations 
is in an average range of 6–8 mm for 
the sensorimotor cortex. However, in 
individual cases, clinical functional MR 
imaging variability can be substantial 
and vary up to 20–40 mm. Because 
we investigated a rather stable senso-
rimotor paradigm, it seems likely that 
our figures will even increase with less 

between task and site comparison did 
not show significant task differences for 
any site comparison.

The between-site ICCs were low, 
with 0.20 (highly standardized task) 
and 0.23 (motor task).

The median OR between two sites 
across all patients varied among values 
of 9.2% (site 2 vs 3), 20.6% (site 1 vs 
2), and 29.4% (site 1 vs 3) for the so-
matosensory task and among values of 
45.0% (site 1 vs 3), 52.9% (site 1 vs 2), 
and 64.3% (site 2 vs 3) for the motor 
task (Fig 4). The median three-site OR 
was 4.0% (IQR, 1.1%–10.2%) for the 
somatosensory task and 33.0% (IQR, 
26.6%–43.2%) for the motor task. For 
the SR, the corresponding values were 
34.1% (site 2 vs 3), 35.3% (site 1 vs 
2), and 75.3% (site 1 vs 3) for the so-
matosensory task and 52.4% (site 1 
vs 3), 73.4% (site 1 vs 2), and 83.3% 
(site 2 vs 3) for the motor task. The 
median three-site SR was 30.8% (IQR, 
14.0%–39.3%) for the somatosensory 
task and 48.7% (IQR, 40.8%–66.1%) 
for the motor task.

The following significant results 
were found through ANOVA calcula-
tions: The two-site OR, as well as the 
three-site OR, differed significantly be-
tween tasks, indicating a significantly 

smaller overlap for the highly standard-
ized somatosensory task (P , .001 for 
both) (Table 5). For the two-site OR, a 
significant interaction between task and 
site comparison (P , .001), as well as 
between task and subject comparison 
(P = .020), was found. For the two-site 
SR, a significant interaction between 
task and site comparison could be 
found (P = .003). Quantitative values 
are delineated in Table 4.

Quantification of Data Quality Effects
ANOVA calculations showed that 
PSC, CNR, head translation, and 
head rotation differed significantly be-
tween tasks (P , .001, P , .001, P 
= .002, and P = .004, respectively), 
indicating a lower PSC and CNR, 
as well as less motion, for the highly 
standardized task (Table 5). PSC,  
CNR, and head rotation also differed 
among sites (P = .001, P , .001, P = 
.019, respectively), and head transla-
tion differed among subjects (P = .033). 
For PSC and CNR, a significant interac-
tion between task and site (P = .002, 
P = .005, respectively) and, for head 
translation, a significant interaction be-
tween subject and site (P , .001) could 
be observed (Table 5). The results of 
additional t tests showed significant 
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stable cognitive paradigms (eg, language 
tasks). The largest intersite variability 
was found with the peak voxel analysis. 
Because the peak voxel might be affected 
by random processes, especially when 
there is a large activation area with sim-
ilar t values, we added a measure rep-
resenting the complete cluster of overall 
suprathreshold activity (COM). Here, 
intersite variability was reduced to a 
maximum cluster shift of 16.5 mm. This 
factor is probably because of a reduced 
influence of random signal fluctuations 
or draining-vein effects (24). Knowledge 
of intersite variability affects two im-
portant clinical aspects: (a) For clinical 
localization of essential cortex (eg, pri-
mary motor, language, memory areas), 
it allows the clinician to consider the 
uncertainty of functional localizations, 
given the fact that shifting resection mar-
gins in the range of millimeters may al-
ready have drastic consequences result-
ing in either a reversible or permanent 
clinical deficit (25). (b) For a valid setup 
of multicentric functional MR imaging 
biomarker studies, the researchers need 
to know and consider possible intersite 
variability, because this factor has an 
effect on statistical power and sample 
size (11). The source of our functional 
MR imaging variability probably was 
multifactorial, including technical signal 
fluctuations, local artifact situation, var-
iable patient performance, physiologic 
fluctuations, and experimental handling. 
Clinically, it is promising that we found 
markers that allow inferences about 
expectable functional MR imaging vari-
ability in individual patients. Functional 
MR imaging variability was reduced with 
larger PSCs and larger CNRs. These 
values may serve as indicators that tell 
the clinician whether the reliability of a 
given functional localization is high or 
low.

Previously, functional MR imaging 
intersite variability has been investi-
gated with healthy subjects; however, 
in none of these previous studies was 
the focus on localization variability, and, 
therefore, no data exist for direct com-
parison with data in our own work. A 
comparison is possible concerning the 
parameters of ICC, OR, and SR. Here, 
our patient data are at the lower end of Ta
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Figure 4

Figure 4: Example for activity overlap when threshold for ROI activation was P , .001 (uncorrected) in patient 6. Ac-
tive voxels are overlaid on the individual echo-planar image reference data (site 2). Yellow voxels indicate that significant 
activity could be detected at only one site. Orange and red voxels, respectively, indicate replicability of activity at one or 
two other functional MR imaging sites.

Table 5

P Values for ANOVA Results

Factor or Interaction ED PV ED COM Two-Site OR Two-Site SR Three-Site OR Three-Site SR PSC CNR Translation Rotation

Task* .669 .501 ,.001 .08 .001 .213 ,.001 ,.001 .002 .004
Site pair† .514 .403 .379 .702 . . . . . . . . . . . . . . . . . .
Site‡ . . . . . . . . . . . . . . . . . . .001 ,.001 .101 .019
Subject§ .641 .574 .333 .884 .597 .986 .769 .988 .033 .081
Interaction between
 Site and subject|| .66 .596 .527 .587 . . . . . . .295 .133 ,.001 .068
 Task and site# .032 .189 ,.001 .003 . . . . . . .002 .005 .888 .67
 Task and subject** .001 .454 .02 .068 . . . . . . .13 .318 .465 .321

Note.—ED COM = ED between COM voxels, ED PV = ED between PVs, rotation = rotational head motion during MR, 3-site OR = OR among all three sites, Three-Site SR = activation SR among all three 

sites, translation = translational head motion during MR, Two-Site OR = OR between two sites, Two-Site SR = activation SR between two sites.

* Task refers to the comparison of the motor and somatosensory tasks.
† Site pair refers to the analysis of the three site-comparison results (results of comparison of site 1 vs 2, site 1 vs 3, and site 2 vs 3).
‡ Site refers to the comparison of the results at the three sites.
§ Subject refers to the evaluation of between-subject differences.
|| Dependence of between-subject differences on the investigating site.
# Dependence of between-site differences on the task.

** Dependence of between-subject differences on the task.
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previously reported values (9,10,12–
15). The investigators in some studies 
directly compared patients with healthy 
subjects; however, they did so only at 
specific single sites and with diverging 
reliability results (26–33).

There were limitations to the cur-
rent study. Within one functional MR 
imaging experiment, it is not possible 
to control every aspect of a sensorimo-
tor task, and we varied two aspects at 
the same time: stimulation (motor or 
somatosensory) and task standardi-
zation (low or high). Currently, tasks 
for localizing the perirolandic area 
vary much with the local clinical study 
group. To reflect this situation, we in-
troduced the following task: “Provide 
a localization of the primary motor 
hand area according to your best local 
procedures.” We expected this kind of 
“low-level task standardization” to pro-
vide the most realistic representation 
of current between-site variability for 
perirolandic localizations. To see how 
much the factor “level of task standard-
ization” influences intersite variability, 
a comparative task requires opposite 
features: maximum stability of stimula-
tion and minimum variability of patient 
performance. This was the rationale for 
choosing a fully automated and well-val-
idated vibrotactile stimulation as com-
parative task design.

Interestingly, within our setup, high 
task standardization did not reduce in-
tersite variability. Most probably, this 
was owing to the low signal strength of 
our highly standardized somatosensory 
task. In further studies, the researchers 
might want to separately vary task stan-
dardization and task robustness (given 
that motor signals are more robust). 
Further sources of variability included 

in our study concern variable site-spe-
cific methods and patients with varying 
brain pathologic findings. We think that 
inclusion of different functional MR im-
aging methods, magnetic field strengths, 
and brain pathologic findings is impor-
tant when one wants to provide a real-
istic estimate of functional MR imaging 
variability in current clinical practice 
characterized by different techniques 
used by different MR groups (18,19,34–
38). Therefore, we investigated a series 
of patients referred for presurgical 
evaluation of the primary sensorimotor 
cortex by using equally weighted data, 
irrespective of local MR unit hardware, 
field strengths, and experimental pro-
cedures. Although significant inter-
site differences for signal strength and 
head motion indicate systematic vari-
ations, it is not possible to relate our 
findings to a specific technical factor or 
disease group. Such data require spe-
cific follow-up studies comparing differ-
ent pathologic types and MR systems 
(19). A further limitation concerns the 
sample size of our study: Because of 
the large efforts involved, the number 
of participants is typically restricted in 
round-robin studies (9–15,39).

We conclude that researchers in 
clinical practice and clinical functional 
MR imaging biomarker studies should 
consider that the center of task-specific 
brain activation may vary up to 16.5 
mm with the investigating site and, 
thus, should maximize functional MR 
imaging signal strength and evaluate the 
reliability of local results with PSC and 
CNR data.
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