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Introduction
Diffusion tensor imaging (DTI) [1] is sensitive to micro-

structural changes that occur in cerebral white matter with normal 
maturation and aging and in certain disease states [2-4]. Multi-site 
DTI studies decrease the length of time needed to accrue statistically 
sufficient numbers of patients with diverse conditions of varying 
severity. When comparing diffusion tensor data from multiple 
sites or even from different MR units at the same site, differences 
in tensor metrics may result from different hardware platforms, 
software releases, and imaging parameters. These technique-
related effects may mask or mimic biological changes in white 
matter. Conducting a multi-site study using quantitative analysis of 
diffusion tensor data requires a uniform quality control procedure 
to ensure that data from different sites are not biased and can be 
combined for statistical analysis; and data of substandard quality 
are excluded. This review focuses on optimization of tensor data 
such that fractional anisotropy (FA) and diffusivity measurements 
from multiple sites and vendors can be compared. I identify various 
practical issues related to tensor data quality and compatibility, 
discuss how a quality control program may address these problems, 
and explore further research that may be needed in this area.

Sampling Schemes
The uncertainty of DTI metrics depends on the sampling 

scheme, the orientation and eigenvalues of the measured diffusion  

 
tensor, and signal-to-noise ratio (SNR). Images are usually collected 
with b = 0 s/mm2 and with high b-values (≥ 600 s/mm2) in at 
least 6 directions. Computer simulations suggest that a minimum 
of 20 encoding directions are needed for robust FA quantification, 
and 30 directions are needed for reliable determination of the 
primary eigenvector [5]. Further increases in gradient directions 
do not improve reproducibility when using the single tensor model 
commonly used in clinical practice [4]. In a multi-vendor, multi-site 
study, it may not be practical to ensure that all sites use exactly the 
same sampling scheme. It may be more practical to minimize the 
difference in sampling scheme by using a sufficiently large number 
of sampling directions.

Assessment of SNR
As a rule, disorders of neurocognitive function and disease 

states that affect the white matter cause FA to decrease. Both the 
accuracy and precision of FA measurements are affected by SNR [6-
8]. Regions with low FA are more prone to bias due to noise than 
regions with high FA. However, the mean diffusivity (MD) is less 
sensitive to noise. The variance of FA as a function of SNR for the 
widely used Jones30 gradient sampling scheme has previously been 
calculated for different FA values [9]. Minimum SNR requirements 
can be established for bias-free measurements in clinical practice. 
The SNR should be measured from anatomical structures of 
interest as SNR thresholds for FA bias differ with the inherent FA 
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Abstract

This article provides a review of quality assurance and control issues in multi-site diffusion tensor imaging (DTI) studies for the evaluation 
of microstructural damage to white matter structures. In order to perform comparatively quantitative analysis of tensor metrics, tensor data 
must be of high quality and reproducible which requires documentation of scanner stability, minimization of artifacts, and optimization and 
standardization of image parameters. I review various practical aspects of DTI which impact quality of DTI with the focus on the quantification 
of tensor metrics.
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of the tissue being studied. The use of multiple b=0 images serves 
to decrease the level of noise in the tensor data set and at least one 
b=0 acquisition for every 8 gradient directions are suggested [10]. 
In a multi-site study, it is important to verify that sites are following 
the specification on multiple b=0 acquisitions.

Image Distortions and Motion Artifacts
Eddy currents are a well-known problem in DTI which typically 

involves data readout using single-shot echo planar imaging 
(EPI) acquisitions. Gradient oscillations of the EPI technique 
induce eddy currents which can cause a delay of the echoes in the 
readout leading to image ghosting [11]. In routine preventative 
maintenance performed in the MR, checks of the eddy current 
compensation hardware and software will ensure the ghosting is 
kept to a minimum. The use of EPI readout in DTI makes the images 
sensitive to B0 inhomogeneity. Local B0 changes cause the location 
of structures to shift in the fold-over (PE) direction. Multi-site 
studies should use the same fat shift direction, along with the same 
parallel imaging acceleration factor and acquisition bandwidths. 
Motion-related signal losses include those caused by mechanical 
vibration of the scanner table, cardiac-induced pulsatility, and 
other bulk patient motion. The amplitude of the motion depends on 
the patient weight and may vary between scanners.

Comparison of MR Scanners
Acquisition of high-quality DTI data in reasonable times 

requires parallel imaging which is supported by all commercial 
MR vendors. The imaging reconstruction technique varies between 
vendors. While SENSE [12] used by Philips unfolds in image space, 
GRAPPA [13] used  by Siemens uses a k-space synthesis technique 
based on SMASH [14] while ASSET used by GE employs the same 
principles as SENSE. Standardized imaging parameters can be used 
for multisite studies. 

Measurement Compatibility
Direct comparison of FA measurements at 1.5 T and 3 T using 

identical pulse sequence parameters have yielded conflicting 
results [15-17]. In regions of high FA, FA is slightly higher at 3T than 
at 1.5 T while regions of the brain with intrinsically lower FA have 
higher FA at 1.5 T than 3 T. SNR is lower at 1.5 T and low FA regions 
are more prone to bias due to noise than are regions of high FA. In 
studying subjects ranging in age from 1 to 24 years, our preliminary 
data suggests that FA values to be similar for b=700 and 1000 s/
mm2, although axial and radial diffusivities are not. There is a 
fast decaying component at very low b-values which is related 
to perfusion and flow effects [18,19]. The non-monoexponential 
nature of diffusion signal decay also contributes to the dependence 
on the b-value of both FA and MD measurements. 

Quality Control (QC) Program Recommendations
Qualitative assessment of image quality is not adequate when 

tensor data is being quantitatively assessed. There are no well-
established or recommended QA or QC protocols for DTI, and QC 
procedures are not yet offered by the MR vendors. There is a need 
to develop QA procedures appropriate for DTI that can be used 
at individual sites and for multi-site studies which ensure that 

technical problems with the MR scanner are minimized. Uniform 
QA protocols assure that data from each participating sites are 
correctly calibrated and only data with sufficient quality are 
included. Inclusion of poor data will lead to negative findings or 
false findings resulting in Type 1 or 2 errors in group comparisons. 
FA and diffusivity from various manufacturers may vary 
substantially with minor differences in pulse sequence parameters 
[20]. For studies involving DWI and DTI, scanning parameters need 
to be standardized as closely as possible and scanners calibrated. 
There are several advantages of using the ACR phantom in a multi-
site setting for DTI QA. This phantom is widely available and used 
regardless of MR vendors and platforms for accreditation purposes.

Conclusion 
Multi-site, multi-vendor studies using DTI may suffer from 

systematic differences in measurement results due to differences 
in pulse sequence implementation by different vendors. Individual 
scanners must meet high performance standards such as low eddy 
current distortions and sufficiently high SNR. Technical expertise 
is needed at each site to correctly implement the technique 
according to study specification and to quickly address scanning 
quality problems when they occur. At present, there are no formal 
recommendations for quality assurance or control procedure for 
multi-site DTI studies. One practical approach is to use an isotropic 
phantom with internal structures to check the scanner performance 
and to scan the same human phantom periodically to verify the 
reproducibility of the measurements. Individual data sets should 
be evaluated for SNR and artifacts before inclusion. Commitment 
and compliance to a quality assurance protocol containing these 
elements will ensure good scanning quality. High quality DTI studies 
for multi-site trials are within reach for investigators interested in 
applying this exciting technique.
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