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Abstract

Diffusion tensor imaging (DTI) has been used to study the developing brain in

early childhood, infants and in utero studies. In infants, number of used diffu-

sion encoding directions has traditionally been smaller in earlier studies down

to the minimum of 6 orthogonal directions. Whereas the more recent studies

often involve more directions, number of used directions remain an issue

when acquisition time is optimized without compromising on data quality and

in retrospective studies. Variability in the number of used directions may

introduce bias and uncertainties to the DTI scalar estimates that affect cross-

sectional and longitudinal study of the brain. We analysed DTI images of

133 neonates, each data having 54 directions after quality control, to evaluate

the effect of number of diffusion weighting directions from 6 to 54 with inter-

val of 6 to the DTI scalars with Tract-Based Spatial Statistics (TBSS) analysis.

The TBSS analysis was applied to DTI scalar maps, and the mean region of

interest (ROI) values were extracted using JHU atlas. We found significant bias

in ROI mean values when only 6 directions were used (positive in fractional

anisotropy [FA] and negative in fractional anisotropy [MD], axial diffusivity

[AD] and fractional anisotropy [RD]), while when using 24 directions and

above, the difference to scalar values calculated from 54 direction DTI was

Abbreviations: AD, axial diffusivity; DTI, diffusion tensor imaging; FA, fractional anisotropy; ICC, intra-class correlation coefficient; MD, mean
diffusivity; RD, radial diffusivity; ROI, region of interest; TBSS, Tract-Based Spatial Statistics tool that can be used for statistical analysis of white
matter values.
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negligible. In repeated measures voxel-wise analysis, notable differences to

54 direction DTI were observed with 6, 12 and 18 directions. DTI measure-

ments from data with at least 24 directions may be used in comparisons with

DTI measurements from data with higher numbers of directions.

KEYWORD S
diffusion tensor imaging, infant brain imaging, Tract-Based Spatial Statistics

1 | INTRODUCTION

Diffusion tensor imaging (DTI) is an established method-
ology for the study of the developing brain (Dubois
et al., 2014; Lebel et al., 2019; Neil et al., 1998); it can be
used to study typical brain development and in the study
of the mechanisms of pathologies (Bui et al., 2006;
Dubois et al., 2014; Dudink et al., 2007; McGraw
et al., 2002; Miller et al., 2002; Neil et al., 2002; Partridge
et al., 2004; Prayer & Prayer, 2003; Tanner et al., 2000).
DTI has been used to study the developing brain in early
childhood, in infancy (Forbes et al., 2002; Hüppi
et al., 1996; Mukherjee et al., 2001; Neil et al., 1998) and
in fetuses in utero (Bui et al., 2006; Jiang et al., 2009;
Kasprian et al., 2008; Righini et al., 2003). Large changes
occur in the first 24 months after birth in morphology
and microstructure, which is tightly linked to rapid white
matter myelination during this period of development
(Mukherjee et al., 2001).

DTI studies have included pre-mature infant scans
(Aeby et al., 2009, 2012; Miller et al., 2002; Neil
et al., 1998; Partridge et al., 2004) and term born infants
(Aeby et al., 2009; Forbes et al., 2002; Geng et al., 2012;
Hermoye et al., 2006; McGraw et al., 2002; Mukherjee
et al., 2001; Sadeghi et al., 2013). Commonly used DTI
measures are axial diffusivity (AD, the magnitude of dif-
fusion along the dominant axis), radial diffusivity (RD,
the magnitude of diffusion perpendicular to the domi-
nant axis), mean diffusivity (MD, the overall rate of diffu-
sion) and fractional anisotropy (FA, the measure of how
much diffusion occurs along single axis to the exclusion
of the others). The first three (AD, RD, MD) are positive
and have a physical unit (mm2/s), whereas FA is unitless
and ranges from 0 (no directional dependence of the dif-
fusion) to 1 (diffusion along a single direction).

These DTI scalar measures (FA, MD, AD, RD) are
expected to be in the same range when obtained from
similar subjects in brain white matter, while naturally
the scanner manufacturer and model, acquisition param-
eters, implemented quality control procedures, preproces-
sing and imaging data analysis method also surely affect
them. The used b values (diffusion gradient strengths)
have varied from 500 (Jiang et al., 2009) to 2600 s/mm2

(Bastiani et al., 2019). Number of used diffusion encoding
directions in acquisition has generally been smaller in
earlier studies down to minimum of 6 orthogonal direc-
tions, while the more recent studies have involved more
directions (Batalle et al., 2019; Lebenberg et al., 2019).
DTI data collected as a part of the developing Human
Connectome Project (dHCP) represent the state-of-the-art
in the field, using 88 encoding directions acquisition with
b = 1000 s/mm2. For details on the whole multi shell
sequence, please refer to Bastiani et al. (2019) and to
Table S1 and Cachia et al. (2022) for literature review on
infant brain DTI.

Earlier simulation study has suggested that as long as
optimum encoding is used for six directions, no signifi-
cant advantage is gained by adding more in terms of a
quality measure normalized for imaging time (Hasan
et al., 2001). Different acquisition protocols from 6 to
39 directions were simulated in (Landman et al., 2007),
where bias in DTI scalars was noted. Additionally, in
Landman et al. (2007), it was suggested that different pro-
tocols can be considered comparable in clinical studies,
as long as sampling orientations are balanced. However,
in Papadakis et al. (2000), directions from 18 to 21 were
suggested as most efficient number of directions accord-
ing to simulation experiments with various levels of
signal-to-noise-ratio (SNR). In addition to simulations,
five healthy subjects were used in Skare et al. (2000),
demonstrating effectiveness of number of diffusion direc-
tions instead of signal averages for optimal FA measure-
ment. Further, in Jones (2004), it was suggested that
20 directions are required for proper estimation of FA,
whereas for tensor orientation and MD, 30 directions
were suggested to avoid variations attributed to the orien-
tation of the tissue. While the simulation studies provide
good theoretical basis particularly for designing DTI
acquisition protocol, they have not considered spatially
heterogenous nature of brain in vivo, nor effects from dif-
ferent types of motion, occurring particularly during
acquisition of infants.

For choosing between signal averaging and number
of directions, it has been suggested to invest acquisition
time into different diffusion directions (Correia
et al., 2009). In tractography-based regions of interest
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(ROI) analysis on DTI scalars evaluated in 13 healthy
adults (Barrio-arranz et al., 2015), considerable changes
were shown between 6, 21, 40 and 61 directions in the
DTI scalars, with decrease in FA and AD and increase in
RD when higher number of directions were used. Ten
healthy adults were scanned with six acquisitions in two
sessions for intra-session and inter-session variability in
Wang et al. (2012). DTI acquisitions with 15 and 30 direc-
tions were compared, and differences were found
between them in nine evaluated fibre tracts. In another
study, DTI-derived brain connectivity was analysed in
Vaessen et al. (2010) with six healthy adults scanned
twice in six gradient sampling schemes with number of
gradient directions as 6, 15 and 32, and significant differ-
ences were found in small world brain topology metrics.

In adult studies for effect of number of diffusion
directions, investigators have reached widely different con-
clusions for the degree to which the amount of diffusion-
encoding directions is acceptable. It may be tempting to
use as few diffusion directions as possible (to the mini-
mum of required 6 for DTI) as inclusion criteria for neuro-
developmental study for sake of shorter scanning time,
and for allowing to keep as many cases as possible
included the analysis, without needing them to be rejected
due to too low number of directions after quality control
procedures, for example, due to corrupted or interrupted
data acquisition (Dubois et al., 2006). Short term repeat-
ability of paediatric brain DTI was studied in Carlson et al.
(2014) with two readers performing tractography on
47 subjects with age of 4–18 and in Merisaari et al. (2019)
for 122 neonates, giving results in reliability of measure-
ments with the applied number of diffusion directions.
However, not only precision and repeatability, but also
bias in the DTI scalars, may cause serious problems, espe-
cially in longitudinal and neurodevelopmental studies,
when subjects have different number of diffusion direc-
tions within and between different age groups (Tamnes
et al., 2018). To the best of our knowledge, effect of num-
ber of DTI gradient directions has not been assessed in
infants, which is crucial time point in neurodevelopmental
studies, and earlier studies have generally focused only on
FA and MD. Also, evaluations of DTI are needed to verify
that in statistically significant findings in larger brain stud-
ies, cohorts acquired with different settings are not due to
differences in their acquisition parameters.

To summarize, the earlier DTI infant literature has
used various numbers of diffusion encoding directions,
without assessing the effect of the number of directions.
Simulation studies have made efforts to demonstrate the
effect, but the results may be hard to apply more widely
to real life situations for brain DTI acquired at varying
age, particularly in infants where brain tissue characteris-
tics and acquisition circumstances largely differ from

those of adults. Thus, in vivo validation of simulation
results (Jones, 2004) and earlier results in adults are not
warranted for their applicability in infant DTI.

In the current study, we evaluated effect of number of
diffusion weighting directions to the DTI scalars in con-
text of Tract-Based Spatial Statistics (TBSS) analysis,
applied to all DTI scalars in 133 subjects. We used num-
ber of diffusion directions from 6 to 54 to systematically
map the minimum amount of diffusion-encoding direc-
tions needed for reliable tensor estimates (FA, MD, AD
and RD).

2 | MATERIALS AND METHODS

The study was conducted according to the Declaration of
Helsinki and was reviewed and approved by the Ethics
Committee of the Hospital District of Southwest Finland
(ETMK:31/180/2011). The imaging data that support the
findings of this study are available upon reasonable request
from the corresponding author, whereas the imaging data
are not publicly available due to privacy restrictions.

2.1 | Subjects

The participants were from the FinnBrain Birth Cohort
study (Karlsson et al., 2018), which enrolled families to a
neonatal magnetic resonance imaging (MRI) study
(Lehtola et al., 2020). The families were recruited at three
healthcare locations in Southwest Finland during their
first trimester ultrasound visit at gestational week
(GW) 12. From this broader participant pool, 189
newborn–mother dyads were recruited into this study.
They were recruited based on willingness to participate,
availability of the newborn to have an MRI 2–5 weeks
after birth, childbirth being after GW 31, birthweight
more than 1500 g and not having a previously diagnosed
central nervous system (CNS) anomaly or abnormal find-
ings in a previous MRI scan. After explaining the study’s
purpose and protocol, written informed consent was
obtained from the parent(s). Of these 189 newborn partic-
ipants, 54 had motion artefacts in the MR images. Addi-
tionally, two mothers had missing prenatal distress
questionnaires. Therefore, 133 newborn–mother dyads
were eligible for statistical analyses, where newborns had
MRI at 2–5 weeks of age. For the current study, we
included all neonates that had at least 54 successful
unique diffusion encoding directions in their DTI data
following rigorous quality control outlined below. See
Table 1 for demographics of the study. The demographics
are shown for reference and were not considered covari-
ates of interest in the current study.

MERISAARI ET AL. 3
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2.2 | Image acquisition

In the DTI scans, a 12-element Head Matrix coil was used
in a twice-refocused Spin Echo-Echo Planar Imaging
(SE-EPI) sequence with Siemens Magnetom Verio 3T
scanner (Siemens Medical Solutions, Erlangen,
Germany). The DTI acquisition time varied between
6 min and 12 s and 6 min and 48 s, in 40-min imaging
protocol, total duration of the complete scanning protocol
not exceeding 60 min. The imaging was performed dur-
ing natural sleep of the infant. A diffusion weighting of
b = 1000 s/mm2 was used with 2 � 2 � 2 mm3 isotropic
resolution (field of view [FOV] 208 mm, 64 slices, repeti-
tion time [TR]/echo time [TE] = 8500/90 ms). The data
were acquired in three segments with 31, 32 and 33 diffu-
sion encoding directions each containing 3 b = 0 images,
composing of a total 96 uniformly distributed directions.
The DTI acquisition scheme is provided in detail in
(Merisaari et al., 2019).

2.3 | Image preprocessing and TBSS
analysis

Data were pre-processed as described in Merisaari et al.
(2019). In brief, good b = 0 images were selected, the

images were quality controlled with DTIprep (Oguz
et al., 2014) after which visual quality control was used to
exclude any remaining motion corrupted volumes. Eddy/
motion correction was applied with corresponding rota-
tion of the B-matrix. Finally, the distribution of the
encoding directions and the images were manually
inspected for quality. Distortion correction was not
applied here as we did not have opposing phase direc-
tions in the sequences, field maps were often corrupted
with motion artefacts and distortions were considered to
be minimal for the current data. FMRIB Software Library
(FSL) tools were used to derive the tensor maps (FA, MD,
AD and RD). For the purposes of the current study, we
created a sub-set from the whole sample so that included
cases had at least 54/96 acceptable directions after quality
control. The dataset had 133/189 participants. We chose
54 directions as threshold limit to be included, as it was
considered a suitable trade-off between number of sub-
jects to be included, and number of directions for evalua-
tions. From dataset with 54 directions, individual
directions were dropped out while keeping diffusion
direction distribution as uniform as possible by maximiz-
ing the angular resolution using algorithm described in
Merisaari et al. (2019), to create simulated versions of
increasing diffusion-encoding directions: 6, 12, 18, 24,
30, 36, 42, 48 and 54 directional datasets. The angular res-
olution was calculated in the algorithm as inverse of the
largest empty region in spherical representation of
the diffusion directions, which was measured using cap
angles between triplets of directions calculated with
spherical voronoi algorithm.

TBSS analysis (Smith et al., 2006) was first applied to
each datasets containing 54 directions with FA values,
and the mean FA image was then used as a template for
all datasets. This generated spatially aligned images of
DTI scalars for evaluations of number of diffusion encod-
ing directions in voxels of DTI parameter maps aligned to
the TBSS template. In addition to voxel-level analysis,
to support the ROI analyses, John Hopkins University
DTI-based white matter atlas for neonates (Oishi
et al., 2011) (JHU atlas) was applied to the TBSS pro-
cessed DTI scalar maps. The mean intensity values in
16 conventionally used ROI (see Figure S3 for list of
ROIs) were then used bilaterally to analyse differences
between number of used diffusion directions.

2.4 | Statistical analysis

We evaluated difference of using direction at voxel level
using repeated measures analysis followed by paired
t test as post hoc test (8 tests comparing 6, 12, 18, 24,
30, 36, 42, 48 directions against 54 directions, which was

TAB L E 1 Subject demographics.

Infant sex N
Per
cent

Male 69 51.8%

Female 64 48.2%

Infant age in weeks Mean SD

Gestational age (from estimated
conception)

43.6 1.04

Age from term age (from GW 40) 3.5 1.04

Age from birth to scan 3.7 1.10

Birth characteristics Mean SD

Birth weight (g) 3487 436

Birth height (cm) 50.4 1.86

Mother characteristics Mean SD

Maternal age at birth (years) 29.6 4.4

Maternal body mass index (BMI) 24.2 4.0

Educational level (low/middle/high) 37/43/49 (4
missing)

Maternal smoking during pregnancy
(yes/no)

11/122

SSRI/SNRI medication in use (yes/no) 12/121

Abbreviations: GW, gestational week; SNRI, serotonin and norepinephrine
reuptake inhibitor; SSRI, selective serotonin reuptake inhibitor.

4 MERISAARI ET AL.
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used as bronze standard), using fsl toolbox randomize
tool (Winkler et al., 2014). As the scalar value distribu-
tions in ROIs were found deviating from normal
distribution, we evaluated ROI mean value differences
with Friedman test and Wilcoxon signed rank post hoc
test. In DTI, smaller number of directions are expected to
affect FA bias towards higher values (Pierpaoli &
Basser, 1996). Thus, repeated measures Mann–Kendall
test was used to test the existence of a non-zero trend in
change of DTI scalar ROI values across number of direc-
tions. ICC(2,1) was applied between directions, measur-
ing absolute agreement with scalar measures, to see their
suitability for studies comparing patient groups with con-
trols, or longitudinal studies. Repeated measures analysis
was also applied to TBSS skeleton voxels, and we evalu-
ated TBSS voxels for deviating more than 10% from the
reference values with 54 directions data. We considered
ICC(2,1) > .75 to be excellent, whereas <.75 to be poor or
moderate (Koo & Li, 2016). All statistics were performed
with R version 3.6.3 (Team, 2020). P values below .05
after false discovery rate (FDR) correction for multiple
comparisons were considered statistically significant,
unless otherwise noted.

3 | RESULTS

The DTI scalar values from images with 54 directions
were used as benchmark, that is, the best possible esti-
mate of the true tensor values in the analyses. The refer-
ence FA values across TBSS skeleton are shown in
Figure 1 to visualize the typical values observed in our
data (see Figure S1 for corresponding values in MD, AD
and RD), where high FA values are found in the mid-
sagittal callosum and central regions in superior fascic-
ulus, and lower FA values are located in peripheral
regions.

3.1 | Repeated measures voxel-wise
analysis

When evaluating TBSS skeleton locations in repeated
measures analysis, all of the skeleton voxels were found to
differ in individuals statistically significantly in compari-
son with 54 direction scalar estimates (p < .001 after cor-
rection for multiple comparisons across TBSS voxels). We
visualized the percentage of the subjects where a DTI sca-
lar value was 10% or more different than corresponding
value in 54 direction data, to see the scalar value differ-
ences. With number of 6, 12 and 18 directions, large
regions across TBSS voxels (with 6: 100% of the skeleton;
with 12: all corpus callosum (CC) and large portions
across the skeleton; and with 18: middle of CC and large
portions across the skeleton) demonstrated significant pro-
portions (�10% or more) of subjects were deviating more
than 10% from the reference values. For more detailed
results for FA from 6 to 48 directions, see Figure 2 (see
Figure S2 for MD, AD and RD correspondingly).

3.2 | Repeated measures ROI-wise
analysis

When comparing ROI mean values in TBSS skeleton, for
MD, AD and RD, only 6 direction data were significantly
different from 54 direction values (p < .05). The differ-
ences were within all of the 16 evaluated regions (see
Figure S3 for list) at either side, apart from Cingulum
Cingular Part (CGC). In FA, the 12 direction values were
significantly different in 12 regions at either side
(p < .05), the 18 direction values were different in
6 regions (p < .05) and 24 direction values in 3 regions
(p < .05 for Cerebral peduncle, Corticospinal tract and
CGC). Of those three, CGC (right) was also significantly
different in all directions up to 42 directions.

F I GURE 1 Rendering of diffusion

tensor imaging (DTI) fractional

anisotropy map of Tract-Based Spatial

Statistics (TBSS) map in six orthogonal

directions, calculated using 54 diffusion

encoding directions in 133 neonates.
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3.3 | Effect of angular resolution to the
ROI-level results

We also evaluated Spearman correlation of mean angular
resolution and number of directions and evaluated inter-
action of directions and angular resolution in explaining
standard deviation of scalar values across subjects. The
angular resolution was found to interact with number of
directions in all of the evaluated ROIs (p < .05). Spearman
correlation between angular resolution and scalar value
was found significant with 6 directions (p < .05), and no
statistically significant correlation was found in other
numbers of directions from 12 to 54. The variance of the
scalar value was particularly high with 6 direction data
(see Figure S3 for box plots with 6, 24, 54 directions). On
the basis of found voxel-wise and ROI-wise differences, we
excluded directions 6, 12 and 18 from subsequent analysis,
to focus on examining if having larger number of direc-
tions 24 to 54 would be considered interchangeable.

3.4 | Mann–Kendall difference between
diffusion encoding directions from 24 to
54 in ROI values

With Mann–Kendall test for monotonic trend in DTI sca-
lars when number of diffusion directions varied from
24 to 54, we found statistically significant positive trend
after FDR correction (p < .05) in FA of CC, Retrolenticu-
lar internal capsule (RLIC) and External capsule (EC).

However, median FA difference between 24 and 54 direc-
tions was considered negligible (FA difference < .01). In
AD, significant negative trend was found in CGC with
median difference of �.3 � 10�3 mm2/s (left), and
�.2 � 10�3 mm2/s (right), between 24 and 54 directions.
In MD, significant negative trends were found in CGC
(�.2 � 10�3 mm2/s left and right) and Cerebral peduncle
(�.1 � 10�3 mm2/s). In RD, significant negative trend
was found in CGC (�.2 � 10�3 mm2/s left,
.1 � 10�3 mm2/s right) and Superior fronto-occipital fas-
ciculus (.1 � 10�3 mm2/s right). Other trends in AD, MD
and RD were either not significant (FR corrected
p > .05), or the scalar value difference between 24 and
54 was considered negligible (median difference
<.01 � 10�3 mm2/s).

3.5 | Comparison of 24 and 54 diffusion
encoding directions in voxel-wise analysis

We calculated also voxel-wise differences across the TBSS
skeleton are shown in Figure 3 for absolute differences in
FA between 24 and 54 direction data (see Figure S4 for
MD, AD and RD, correspondingly), as these measures
can be considered as upper limit for scalar value differ-
ences for 24 directions and higher. Generally, there were
individual voxels demonstrating higher dependence on
the number of directions, while the majority of the TBSS
skeleton voxels had negligible differences between using
24 and 54 diffusion directions.

F I GURE 2 Rendering of

proportions of neonatal subjects (%)

from 133, where difference in fractional

anisotropy was larger than 10%, when

comparing values from 6(N6) to 48(N48)

diffusion encoding directions to values

with 54 directions. Directions 6, 12 and

18 contain larger regions where non-

negligible proportion of subjects deviate

more than 10% from the reference value

with 54 directions.
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3.6 | Voxel-wise ICC(2,1) for 24, 30, 36, 42,
48 and 54 diffusion encoding directions

We used ICC(2,1) to reflect absolute agreement in the
scalar values when the number of directions was consid-
ered as measurement method, high ICC(2,1) indicating
that the measurements are reproducible when directions
are varied from 24 to 54. Figure 4 demonstrates voxel-
wise mapping of the ICC values across TBSS skeleton for
FA (see Figure S5 for MD, AD and RD). In FA, ICC(2,1)
(>.75) was good across TBSS skeleton. Correspondingly,
in AD, RD and MD, ICC(2,1) was generally lower, while
central regions still expressing generally good reproduc-
ibility (ICC > .75). Similar to measurements of absolute
differences between 24 and 54 directions, individual loca-
tions with lower ICC(2,1) reproducibility were found to
be present across TBSS skeleton, whereas majority of the
skeleton had high reproducibility.

4 | DISCUSSION

Various diffusion encoding strategies have been applied
in studies of neurodevelopment at the microstructural
level in neonates, but effect of diffusion directions has
not been evaluated in vivo in larger extent before. The
DTI scalar values from acquisitions at early age form
the basis for further longitudinal differential compari-
sons, and therefore, the accuracy of the scalar measure-
ments is of high importance. In this study, we evaluated
the effect of the number of diffusion encoding directions
on the DTI scalar values in 2- to 5-week-old subjects,
where our analysis pipeline included quality control,
motion and eddy correction and final DTI scalar esti-
mates extracted from TBSS scalar.

Even though the distribution of the angular resolu-
tion in the analysed data was minimized, our in vivo
infant data had rotated b-vectors after motion correction.

F I GURE 3 Rendering of fractional

anisotropy (FA) difference, calculated

using difference between using 24 and

54 encoding directions, in 133 neonates.

F I GURE 4 Rendering of intraclass

correlation coefficient (ICC(2,1)) map of

fractional anisotropy values, calculated

using 24, 30, 36, 42, 48 and 54 encoding

directions, in 133 neonates. Note that

the colour coding starts from ICC 0.75,

which is commonly considered as a

sufficient threshold to pass reliability

testing.
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In contrast to studies where motion artefacts and thus
related motion induced deviations from uniform diffu-
sion direction distribution are not assessed, we consider
our approach to provide more realistic evaluations. While
this may have partially affected deviance of 6 direction
data (as angular resolution correlated significantly with
the scalar values) to 54 direction reference values, in
12 and 18 direction data, we found no significant effect
with angular resolution. Therefore, we consider that their
difference to 54 data is majorly due to number of
directions.

Our analysis was in both ROI-level and voxel-level.
We used TBSS skeleton values, as this technique can be
considered robust against degradations in image quality.
In ROI-level analysis, as the sizes and shapes of ROIs
make comparison between neurodevelopmental studies
challenging (Dudink et al., 2007), we applied automatic
ROI placement in TBSS parameter maps to provide
results in an easily applicable and reproducible context.

When exclusion criteria for number of diffusion direc-
tions were increased, the available number of subjects
reduced correspondingly. This trade-off between number
of directions and included cases is to be interpreted in
context where choice for required minimum number of
directions may depend on number of factors, such as size
of the smallest or smaller compared study group, general
inter-subject variance in DTI measure of interest and
general willingness to exclude obtained data in exchange
of quality of included data.

The above in mind, we can generally consider that
decision resulting in excluding more than 50% of subjects
would have too low cost–benefit ratio for practical imple-
mentations. This would mean that requiring to have
more than 70 directions with acceptable quality from
original acquired 96 may be unrealistic with the type of
cases used in this study. In theory, more acquisition time
could be invested to obtain more original directions and,
further, more acceptable quality data, given that chal-
lenges relating to neonatal image acquisition can be
addressed for longer durations. In our experiments, for
obtaining 24 quality-controlled directions, we estimate
that at least close to 50 directions would be needed to be
acquired during scan to compensate for loss of data due
to expected artefacts. Naturally, the DTI acquisition suc-
cess rate affects this estimate (in our study approximately
26% of cases were excluded), and imputation and other
procedures may be used to replace corrupted or
missing data.

We observed high systematic bias between using six
directions and 54 directions confirming findings in theo-
retical and simulation studies (Jones, 2004) and studies
with healthy adults relating to effect of the number of dif-
fusion directions. In contrast to Jones (2004), we had

motion induced effects in vivo, while considering also
that the loss of directions may need to be compensated
by acquiring extra directions to ensure desired amount in
the final analysis after quality control. Our results are
largely in alignment also with the earlier studies with
adults (Barrio-arranz et al., 2015; Giannelli et al., 2010)
for which our results can be considered as confirmatory
with larger in vivo sample, although with children, being
in contrast to Lebel et al. (2011).

The DTI scalar estimates were not largely found to
change in higher number of directions from 24 up
to 48 in comparison with 54-direction data (see Figures 2
and S2), with most of the subjects having less than 10%
difference across the TBSS skeleton. This suggests that a
dataset with varying number of diffusion directions
between subjects could tentatively be combined into the
same pooled neurodevelopmental sample, if number of
diffusion directions is at least 24 in all of them, although
more directions (Sakaie et al., 2012) and proper harmoni-
zation may be needed (Fortin et al., 2017). In addition to
this, the difference to 54-direction data was varying
depending on location in the skeleton. We speculate that
this sensitivity to the number of encoding directions may
be due to brain regions myelinating at different rates and
underlying microstructure being different at different
regions of the white matter. While larger numbers of dif-
fusion directions are more challenging to acquire in
infants/small children, our results indicate that compos-
ing together DTI data having less than 24 directions with
other DTI data with more directions may be problematic.
We suggest that interpreting scalar estimates from data
where smaller than 18 directions are available after qual-
ity control steps is discouraged due to potential bias intro-
duced from small number of directions. However, this
bias could naturally be reduced with producing uniform
data with the caveat of losing acquired diffusion direction
images and thus accuracy of DTI measures.

We expect the results to remain the same if the actual
image acquisition was performed completely separately
for each of the number of directions from 6 to 54. Also,
while we stress the importance of the studied age group
due to potential to early neurodevelopmental differences
between subjects and due to connection between the DTI
angular resolution and scalar values, we expect the
results to be generally applicable for older children as
well. These remain to be verified in future studies. TBSS
is frequently used in similar settings to what has been
used in this study. We leave it to future studies to com-
pare possible enhancements with alternative spatial co-
registration tools. Finally, it is left for future research to
study the effect of diffusion acquisition analysis schemes,
for example, to tractography and after harmonization
procedures.
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5 | CONCLUSION

The number of diffusion directions leads to systematic
bias in the DTI scalar measures, and using less than
24 diffusion directions is discouraged for neurodevelop-
mental studies. In evaluations of different numbers of dif-
fusion encoding directions from 6 to 54, we observed that
24 quality-controlled directions in TBSS analysis provide
negligible bias.
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