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INTRODUCTION
Diffusion tensor imaging (DTI) is a non-invasive method 
for visualizing the spinal cord in vivo. DTI provides broad 
measures of the tissue structure of axonal white matter 
and is thought to be more specific than conventional MRI 
sequences in evaluating damage to tracts in the spinal 
cord.1,2 It assesses the molecular motion of water molecules 

that diffuse within and across each measurement voxel, 
both parallel and transverse to the direction of neural 
axons. DTI generates a range of parameters that provide 
measures of diffusion characteristics. Fractional anisotropy 
(FA) assesses the degree to which water proton diffusivity 
varies with direction within tissues and is affected by many 
factors such as changes in water content and the presence of 
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Objectives: Diffusion tensor imaging (DTI) techniques 
are being studied as a possible diagnostic and predictive 
tool for the evaluation of cervical spinal cord disease. 
This systematic review aims to evaluate the previous DTI 
studies that specifically investigated the repeatability 
and reproducibility of DTI in the cervical spinal cord.
Methods and materials: A search in the PubMed, Scopus, 
Web of Science and Ovid electronic databases was 
conducted for articles published between January 1990 
and February 2022 that related to the repeatability and 
reproducibility of DTI in evaluating the cervical spinal 
cord using one of the following measurements: the intra-
class correlation coefficient (ICC) and/or the coefficient 
of variation (CV), and/or Bland-Altman (BA) differences 
analysis methods. DTI studies that presented full statis-
tical analysis of repeatability and/or reproducibility tests 
of the cervical spinal cord in peer-reviewed full-text 
publications published in journals were included. Arti-
cles that included at least one of the keywords within 
the titles or abstracts were identified. Additional full-text 
papers were found by searching the citations and refer-
ence lists of related articles. This review has followed 
the Preferred Reporting Items for Systematic Reviews 
and Meta-Analyses (PRISMA) guidance. Risk of bias 
was evaluated with 13 criteria weighted toward meth-
odological quality of reported studies using the QuADS 

assessment criteria. This assessment only included full-
text articles written in English.
Results: A total of 11 studies were included and assessed 
for different characteristics, including sample size,(3–
34) re-test time interval (<1 h to >3 months), test-retest 
reproducibility scores and acquisition method. Six 
studies used ICC which ranged from poor (ICC<0.37) to 
excellent reproducibility (ICC 0.91–0.99). Four studies 
reported an overall CV lower than 40% for all DTI metrics. 
Three studies reported the Bland-Altman (BA) differ-
ences and reported a minimum percentage showing no 
strong differences between repeated measurements. 
Quantitative analysis was not undertaken due to heter-
ogeneity of methods. Repeatability and reproducibility 
measures were generally found to be good.
Conclusion: This study revealed that the application of 
DTI and its related measures in a clinical setting in the 
assessment of cervical spinal cord changes is feasible and 
reproducible. However, cervical spinal cord DTI suffers 
from some existing limitations that prevent it from being 
routinely used in research and clinical settings.
Advances in knowledge: DTI with its parametric maps 
provide broad evaluation of the tissue structure of axonal 
white matter and are being studied as a possible diag-
nostic and predictive tool for the assessment of cervical 
spinal cord (CSC) disease.
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human white matter (WM) crossing fibres. It has values ranging 
between 0 and 1, where values close to 0 represent isotropic 
molecular motion of water in tissue (water diffusion is equal in 
all directions), whereas values close to one represents an aniso-
tropic diffusion of water particles (water diffusion is restricted in 
specific directions).3 Mean diffusivity (MD) provides an overall 
measure of water translational diffusivity, axial diffusivity (AD) 
specifies the magnitude and the direction of maximum water 
diffusion and is influenced by longitudinal axonal integrity and 
radial diffusivity (RD) evaluates the diffusivity properties of 
tissue in the perpendicular axonal structure.4 The terms repeat-
ability and reproducibility are used interchangeably in different 
studies. The term “repeatability” is defined as the variation in 
the repeated measurements done on the same subject under the 
same conditions. This implies that data were collected with the 
same method or instrument, by the same rater (or observer) if 
human input is needed, and over a short period of time, during 
which the underlying value can be assumed to be constant. The 
term “reproducibility”, on the other hand, consists of various 
concepts, many of which overlap. There are several ways in which 
this might be described, but it is most often defined as the vari-
ation of the same measurement done on the same subject under 
different conditions. The changing conditions could be a result 
of different measuring instruments or methods being applied, 
measurements being made by different raters or observers, or 
measurements being taken over a period of time, during which 
the variable’s 'error-free' level could change significantly.5 This 
systematic review aims to assess studies that specially examined 
the repeatability and reproducibility of DTI metrics in the evalu-
ation of the cervical spinal cord (CSC).

METHODS AND MATERIALS
Eligibility criteria
The systematic review was carried out throughout the months 
of February and March of 2022 and reported in accordance with 
the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) 2020 statement (see appendix A).6 The arti-
cles included in this review fulfilled all the criteria outlined in the 
following paragraphs.

Inclusion criteria
Articles that included at least one of the search terms supplied 
in the search keywords (in their titles or abstracts) were identi-
fied. This evaluation only included reports with full-text content 
written in English. DTI studies that presented full statistical anal-
ysis of repeatability and/or reproducibility tests of the cervical 
spinal cord in peer-reviewed full-text publications were exclu-
sively included. All studies that satisfied the inclusion criteria are 
included in the results section (Table 2).

Exclusion criteria
Opinion pieces, ideas, case studies of single patients/healthy 
participant, and editorials were excluded.

Population
Both healthy and non-healthy participants who underwent 
cervical spinal cord DTI were included in this review. Studies 
with animal subjects were excluded.

Information source
In order to find any past systematic studies dealing with the 
repeatability and/or reproducibility of DTI in the cervical spinal 
cord, the PROSPERO Database of International prospective 
register of Systematic Reviews was screened. No relevant system-
atic review was matched. PubMed, Scopus, Web of science and 
Ovid were used to do an electronic search. The bibliographic 
references of all articles for which the full-text papers as well 
as studies that cited the included papers were collected for data 
extraction were also checked for possibly relevant research.

Research strategy
A PubMed, Scopus, Web of Science and MEDLINE (Ovid) cita-
tion search were conducted using the general Haynes7 and Ingui8 
criteria, as well as the changes suggested by Geersing et al.9 (each 
linked using “OR”). The keywords used in this review were as 
follows: diffusion tensor imaging, diffusion tensor MRI, DTI, 
Spinal cord, cervical spinal cord, repeatability, reliability, and 
reproducibility. More details of keywords used in different data-
bases applied in this review are in appendix B.1–4

Study records
Data management and selection process
Any study which included one of the keywords in the title or 
abstract and met the inclusion criteria was screened by two 
reviewers who worked independently to avoid bias during the 
screening process. In order to determine whether or not a paper 
was eligible for inclusion, the title and abstract were reviewed. 
Consensus was reached in the case of disagreements. All the arti-
cles that were thought to be eligible were downloaded.

The full-text reports were examined by two reviewers separately 
to see whether they were eligible for inclusion and synthesis based 
on the keywords. Disagreements were handled by consensus 
once again. If differences could not be resolved, a third reviewer 
was available, although this option was not used. The reasons for 
excluding a particular full-text article were reported.

Data extraction
We collected information regarding the study populations, such 
as sample size, whether participants were healthy as regards 
their cervical spinal cord or non-healthy (with pathology) 
into two tables (1 and 2). The first table included the technical 
details of DTI studies for both healthy and unhealthy cervical 
spinal cord studies such as the imaging acquisition parameters, 
the software used to quantitatively extract DTI metrics, as well 
as any specific pre-processing processes applied to the DTI data 
prior to measurements extraction. The second table included 
author names, publication year, statistical analysis used, c-spine 
level examined, region of interest and results of repeatability 
and reproducibility studies. In addition, the normative values 
of DTI metrics for WM and grey matter (GM) were collected 
together with gender, mean age details and the ROI selected, as 
reported in Table 4. As a last point, we examined the statistical 
methods utilised for these repeatability and reproducibility 
studies.

http://birpublications.org/bjr
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Data synthesis
The heterogeneous data from the literature review were then 
used to create a narrative empirical synthesis.10 In systematic 
reviews, narrative synthesis is especially effective for under-
standing the impact of interventions and the factors that influ-
ence intervention implementation.10 The narrative strategy was 
employed to combine the qualitative and quantitative findings, 
allowing for in-depth investigation and collective understanding 
from numerous studies, resulting in a broader perception of 
the phenomena being studied. In the development of the main 
synthesis, two authors independently reviewed each study. 
The reviewers discussed common concepts and examined data 
trends in order to identify consistent findings in relation to the 
study outcomes. Interrogation of the findings examined relation-
ships between characteristics of the study and their conclusions; 
the findings of other studies; and the effect of varying outcome 
measures, methodologies, and settings on the resulting data. A 
meta-analysis was not conducted due to a variety of reasons, 
including that all included studies did not have comparable 
outcome measurements; different regions of interest and verte-
bral levels were selected; and not all DTI metrics had been 
evaluated.

Outcomes and prioritisations
Primary outcome
The primary outcome of this review was to assess the statistics 
and metrics utilised to report the reproducibility such as CV, ICC, 
and BA differences, in evaluating the cervical spinal cord with 
respect to any DTI-MRI scanner vendor-, subject-, observer-, or 
site-related cause, as well as any external validation performed to 
assess for repeatability and reproducibility.

Different outcome measures were quantified for analysing the 
reproducibility of DTI studies, which include the coefficient 
of variation (CV%), and/or the intraclass corelation coefficient 
(ICC), and/or and Bland-Altman differences (BA differences) 
(Table 2), all studies reporting these measures and meeting the 
search criteria were reported. The CV is usually calculated for 
each variable to clarify the relative variability of each measure-
ment as ([the within-subjects standard deviation]/mean × 
100%). CV less than 10% is considered to be acceptable and illus-
trated that the dependent variable had a relatively small amount 
of variation,11 CV between 11 and 20% were considered to be 
adequate and indicated a moderate variation. CV more than 20% 
were considered to be a high amount of variability.12 The ICC is 
widely recommended for test-retest reproducibility, because of 
its excellent assessment and measured as ([true variance/(true 
variance+error variance)]).13 It quantifies the actual percentage 
of variation related to the “true” error-free values of individuals 
(the within-subject variance) relative to the overall variance. 
Higher ICC indicates higher reproducibility as suggested by 
Shrout and Fleiss,13 Cicchetti.14 ICC values less than 0.5, values 
ranging from 0.5 to 0.75, values ranging from 0.75 to 0.9, and 
greater than 0.90 shows poor, moderate, good, and excellent 
reproducibility, respectively. Bland–Altman plots are used to 
examine the agreement between two independent measures by 
plotting the mean measurement (scan1+scan2)/2 against the 
difference in measurements (scan1 − scan2).

Secondary outcomes
The secondary outcomes were to assess the effect of different 
factors such as image acquisition parameters, DTI extraction 
software and the impact of pre-processing steps applied prior to 
metrics extraction on the repeatability or reproducibility of DTI.

Evaluation of study quality
Three independent reviewers assessed the quality of the included 
papers and arbitrated any discrepancies in scores using the 
updated version of the Quality Assessment for Diverse Studies 
tool (QuADS), which has revealed reliability and validity 
(in total 13 criteria were applied and are shown in appendix 
C).15,16 The QuADS was used to assess the methodological and 
reporting quality of the included studies and the overall body 
of evidence due to the variety of the research types considered. 
The QuADS is specially designed to appraise qualitative, mixed, 
and multimethod studies in health services analysis. The tool 
involved 13 items (Table 3) and assigned a score of 0–3 to each 
item, with 0 being the lowest and three being the highest.15 The 
maximum score was set to be 39. The final score was recorded 
as a percentage [final score = the total score of each study/ total 
score of criteria × 100%].

RESULTS
Literature search results
Figure  1depicts a flow diagram summary as recommended by 
the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses guidance.6 The PubMed, Scopus, Web of Science and 
Ovid search revealed 427 abstracts for screening according to 
our selection criteria, reduced to 179 after eliminating dupli-
cation. One hundred and one articles were excluded after title 
screening. This resulted in 78 abstracts being screened for eligi-
bility criteria, and 61 of these reports were excluded because they 
did not meet the eligibility criteria. The 17 full-text articles which 
matched the eligibility criteria, were then fully screened after 
which 6 papers were excluded. The final qualitative synthesis was 
obtained from 11 studies, which included both healthy and non-
healthy participants.

Excluded studies
Six studies were excluded at the full-text screening step because 
they did not meet the inclusion criteria for the following reasons: 
four studies reported an intervention that is not focused on test-
retest design, one study focused on the repeatability and repro-
ducibility of segmentation methods, which was not relevant 
to the inclusion criteria and one study focused on the repro-
ducibility of DTI acquisition methods which was beyond the 
primary context of this review.

Characteristics of included repeatability and 
reproducibility studies of DTI
Table  1 shows the following DTI acquisition parameters for 
each study: scanner make, field strength (T), gradient directions 
applied, no. of signal averages, voxel size (mm3), (FOV) field 
of view (mm), b-values (mm2/s), TR (ms), TE (ms), acquisi-
tion type, ROI method, type of software used for DTI metrics 
extraction and no. of repeated scans [time interval]. Different 
time intervals between scan and rescan were applied in studies 

http://birpublications.org/bjr
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(ranging from at least 1 h to 3 months) either with scans taking 
place during different visits18–20,22–24,27,28 or during a single 
visit with repositioning after the first scan with an average time 
interval of 1–2 h between scan and rescan.25,26 The direct scan–
rescan evaluation potentially eliminates anatomical changes that 
could happen in the subject over time and narrows the causes 
of measurement variability to those related to the scanner and 
subject repositioning.29,30 Moreover, the direct scan–rescan 
assessment with repositioning can be used to evaluate the sensi-
tivity of the method to changes in orientation. Our findings 
found no obvious trend on the influence of time interval on the 
reproducibility of DTI metrics.

A summary of characteristics of the 11 repeatability and repro-
ducibility studies of DTI are shown in (Table 2).18–28,31 All these 
studies examined the repeatability and reproducibility of cervical 
spinal cord DTI measures using one of the following measure-
ments: the intraclass correlation coefficient (ICC) (n = 6) and/
or the coefficient of variation (CV) (n = 4) and/or Bland-Altman 
differences (n = 3).

The QuADS criterion (Table 3) gave the included research a wide 
range of ratings. The quality of studies ranged from a low to high 
percentage. All papers have a relatively high-quality percentage 
ranging from 66 to 87%,18–26,28 except for,27 which was given 
a low score (35%). All assessed studies performed badly in 
reporting the involvement of stakeholders in research design or 
conduct and were scored with zero.

The normative values of DTI metrics in GM and WM were 
reported in five studies as shown in Table 4. Three studies reported 
the population gender20,23,24 whereas two studies did not.19,22 
Age of examined populations was reported in all studies19,20,22–24 
with three of them examining paediatrics groups and two adults. 
The effect of age on DTI metrics was investigated by Taso, et al23 
at C2 and C5, and found that the age group did not systematically 
impact the DTI indices. The DTI measures differed depending 
on the cervical level examined, sample group (healthy and non-
healthy), gender, age, as well as acquisition parameters such as 
gradient directions.

Figure 1. Shows a flow diagram summary as recommended by the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses guidance17 .

http://birpublications.org/bjr
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Reproducibility evaluation of DTI metrics
Different outcome measures were quantified for analysing the 
reproducibility of DTI studies. The coefficient of variation (CV) 
of DTI metrics was reported in four studies23,25–27 that used 
different ROIs in the analyses (Table 2). The intrarater reproduc-
ibility of FA was high for the entire WM with CV of 3.8% and 

individual WM tracts with CV ranging from 8.0 to 18.2% across 
WM tracts. Similarly, MD also showed high test-retest repro-
ducibility (WM: CV, 5.6%) with CV ranging from 11.6% in the 
fasciculus cuneatus to 18.3% in the ventral reticulospinal tract. 
Similar to FA, the MD of the ventral reticulospinal tract had the 
lowest reproducibility of the tracts assessed, likely due to its small 

Table 4. Mean and standard deviation (SD) normative value of mean diffusivity (MD, ×10−3 mm2/s), axial diffusivity (AD, ×10−3 
mm2/s), radial diffusivity (RD, ×10−3 mm2/s), and fractional anisotropy (FA, unitless) for white matter (WM) and grey matter (GM) 
in healthy and non-healthy CSC

Author (population)
Gender (mean 
age)

C-spinal 
level DTI metrics (mean ± SD)

Mohamed, Feroze B., et 
al.19(paediatrics)

Not mentioned 
(healthy: 15.2 
years and SCI: 11.6 
years)

Between 
C1-C7

Averaged for entire WM and GM ROI
Healthy:
MD = 0.72±0.17; AD = 1.23±0.29; RD = 0.44±0.24, and FA = 0.62±0.11.
SCI:
MD = 1.27±0.67; AD = 1.65±0.65; RD = 1.06±0.69, and FA = 0.39±0.22.

Barakat, N., et al.22 
(paediatrics)

6 males and 19 
females (healthy: 
13.28 years, age 
ranged 7–21 years)

Between 
C1-T1

Averaged for entire WM and GM ROI
Healthy:
MD = 0.59±0.15; AD = 0.97±0.20; RD = 0.41±0.13; and FA = 0.50±0.11.

Barakat et al.22 (paediatrics) Not mentioned 
(healthy: 12.10 
years, age ranged 
9–15)

Between 
C1-T1

Averaged for entire WM and GM
Healthy:
Freehand ROI:
Rater1:
Trial 1: MD = 0.92±0.53; AD = 1.35±0.52; RD = 0.70±0.54, and FA = 0.50±0.13. Trial 2:MD = 
0.72±0.18; AD = 1.16±0.18; RD = 0.52±0.17, and FA = 0.47±0.13.
Rater2:
Trial 1: MD = 1.10±0.65; AD = 1.53±0.65; RD = 0.88±0.64; and FA = 0.48±0.12. Trial 2: MD = 
0.72±0.14; AD = 1.20±0.16; RD = 0.48±0.17; and FA = 0.52±0.10.
Fixed ROI:
Rater1:
Trial 1: MD = 0.70±0.16; AD = 1.18±0.19; RD = 0.46±0.14; and FA = 0.54±0.10. Trial 2: MD = 
0.71±0.14; AD = 1.18±0.16; RD = 0.47±0.13, and FA = 0.54±0.10.
Rater2,
Trial 1: MD = 1.16±0.56; AD = 1.64±0.58; RD = 0.91±0.54, and FA = 0.53±0.10. Trial 2: MD = 
0.70±0.12; AD = 1.19±0.15; RD = 0.45±0.11, and FA = 0.54±0.10.

Taso, Manuel, et al.23 
(adults)

26 male and 22 
females (43 ± 15 
years, age ranged 
21–68 years)

At C2 and 
C5

WM:
For age group<35:
C2: MD = 1.03±0.09; AD = 2.05±0.07; RD = 0.52±0.13; and FA = 0.72±0.06.
C5: MD = 0.99±0.07; AD = 1.91±0.06; RD = 0.53±0.11; and FA = 0.68±0.07.
For age group between 35 and 50:
C2: MD = 1.01±0.08; AD = 2.04±0.09; RD = 0.50±0.13; and FA = 0.73±0.06.
C5: MD = 1.02±0.07; AD = 1.95±0.07; RD = 0.55±0.10; and FA = 0.68±0.05.
For age group between above 50:
C2: MD = 0.99±0.07; AD = 1.06±0.16; RD = 0.50±0.08; and FA = 0.71±0.04.
C5: MD = 1.06±0.16; AD = 1.06±0.16; RD = 0.63±0.18; and FA = 0.65±0.06.
GM:
For age group<35:
C2: MD = 0.97±0.07, and FA = 0.55±0.08.
C5: MD = 0.91±0.09, and FA = 0.46±0.07.
For age group between 35 and 50:
C2: MD = 0.95±0.08, and FA = 0.57±0.07.
C5: MD = 0.89±0.10, and FA = 0.48±0.08.
For age group above 50:
C2: MD = 0.95±0.20, and FA = 0.52±0.06.
C5: MD = 0.96±0.06, and FA = 0.44±0.07.

By, Samantha, et al.24 
(adults)

three male and 
2 females (age 
ranged 25–36 
years)

Between 
C2-C5

Healthy:
WM with six directions: scan1: MD = 1.03±0.12; AD = 2.11±0.27; RD = 0.49±0.08; FA = 0.73±0.05; 
scan2: MD = 1.00±0.08; AD = 2.06±0.17; RD = 0.47±0.10; FA = 0.74±0.07.
WM with 15 directions: scan1: MD = 1.00±0.07; AD = 1.92±0.13; RD = 0.53±0.08; FA = 0.68±0.05; 
scan2: MD = 0.97±0.06; AD = 1.89±0.13; RD = 0.52±0.10; FA = 0.68±0.07.
WM with 32 directions: scan1: MD = 0.96±0.06; AD = 1.89±0.12; RD = 0.50±0.07; FA = 0.69±0.04. 
scan2: MD = 1.02±0.13; AD = 1.91±0.10; RD = 0.57±0.18; FA = 0.66±0.10.
GM with six directions: scan1: MD = 0.99±0.12; AD = 1.79±0.23; RD = 0.59±0.11; FA = 0.61±0.07.
scan2: MD = 0.99±0.09; AD = 1.79±0.20; RD = 0.58±0.08; FA = 0.62±0.06.
GM with 15 directions: scan1: MD = 0.94±0.06; AD = 1.62±0.13; RD = 0.61±0.10; FA = 0.55±0.08.
scan2: MD = 0.94±0.07; AD = 1.59±0.12; RD = 0.62±0.10; FA = 0.54±0.08.
GM with 32 directions: scan1: MD = 0.92±0.07; AD = 1.60±0.19; RD = 0.57±0.08; FA = 0.57±0.09.
scan2: MD = 0.94±0.11; AD = 1.59±0.13; RD = 0.61±0.15; FA = 0.56±0.10.
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size.The interrater reproducibility of FA and MD was higher than 
the corresponding test-retest with CV less than 10 and 11.2%, 
respectively, except for ventral reticulospinal tract and rubro-
spinal tract regions with a CV for FA of 13.0 and 11.2%, respec-
tively, and the CV of MD was less than 15% for all individual WM 
pathways except for the rubrospinal tract region. These different 
findings might be attributed to the fact that the Peterson, Rutman 
et al.25 used different ROIs, which were automatically selected 
and reported. When larger volumes of interest were selected, the 
variation between repeated measurements decreased by 25.5%. 
Smaller WM tracts have a poorer degree of reproducibility than 
bigger WM tracts when it comes to DTI metrics in the cervical 
spinal cord and this was attributed to the poor in-plane image 
resolution, as with improved resolution, DTI measures of smaller 
WM tracts are more likely be more reproducible.25

The ICC of DTI metrics was reported in six studies19–22,25,28 
that used different ROIs in the analyses (Table  2) and ranged 
from poor (ICC<0.37) to excellent reproducibility (ICC 0.91–
0.99). In 2011, Mohamed, Feroze B., et al demonstrated fair to 
moderate ICC in all DTI metrics with test-retest ICC≥0.72. In 
2012, Mulcahey et al demonstrated good to strong reproduc-
ibility in the MD, AD, and RD per cervical cord level. The ICC 
for MD ranged from 0.80 to 0.95, AD ranged from 0.82 to 0.94, 
and RD ranged from 0.82 to 0.94 per cervical cord level. FA 
demonstrated moderate to good ICC at C1,mid-C4 and between 
C5-C6 and C7-T1 levels with ICC ranging from 0.50 to 0.89. In 
the same year, Barakat, N., et al reported a moderate-to-strong 
reproducibility of all DTI metrics with ICC of 0.87, 0.95, 0.97 
and 0.91 for FA, MD, AD, and RD, respectively. Barakat et al. in 
2015 reported a moderate-(ICC = 0.5)-to-strong (ICC = 0.84) 
between-rater and within-rater agreement using two different 
ROI methods (free-hand and fixed-size ROIs). FA values 
revealed the highest variability among DTI metrics in the ICC 
values (ranging from 0.10 to 0.87). The upper spinal cord levels 
between C1 and mid-C3 revealed the lower agreement value. RD 
revealed slightly higher agreement values than FA (0.26–0.83). 
Further, comparing to free hand drawn ROIs, the fixed-size ROIs 
for RD and FA reported lower agreement. Recently, Lee et al.28 
reported an overall variation in the ICC of interobserver repro-
ducibility of FA ranging from poor-(ICC = 0.37)-to-excellent 
(ICC = 0.82) agreement among three different ROI methods 
(mean, manual, and sagital), with relatively less agreement for 
the sagittal ROI method. The test-retest reproducibility showed 
an excellent agreement with ICC ranging between 0.88 and 
0.99 at almost every cervical cord level. In 2017, Peterson, et al 
reported moderate-to-excellent reproducibility of DTI metrics. 
The intrarater reproducibility of FA was high for the entire WM 
(ICC = 0.93) and to a lesser extent in all WM individual tracts 
(ICC = 0.81) with ICC ranging from 0.47 in the ventral reticulo-
spinal tract to 0.80 in the lateral corticospinal tract. The ICC was 
shown to be improved with larger volumes of interest. Similarly, 
MD metrics had also high test-retest reproducibility measure-
ments with ICC of 0.86 in WM and 0.75 in all individual WM 
tracts. The interrater reproducibility of FA and MD was higher 
than the coresponding test-retest with ICC larger than 0.80 in all 
individal WM tracts, except for the ventral reticulospinal tract 
and ventral corticospinal tract regions where the ICC of FA was 

0.73 and 0.76, respectively, and the ICC of MD was larger than 
0.70 for all individual WM pathways except for the rubrospinal 
tract region (ICC = 0.65).

The normalised Bland-Altman differences of DTI metrics was 
reported in three studies18,24,27 which used multiple ROIs in the 
analyses (Table 2). The 95% CI overlaps zero for the mean differ-
ences between repeated scans with acceptable level of agree-
ment for all the ROIs drawn. In all three studies, the normalised 
Bland–Altman (BA) difference for inter-readers analysis ranged 
from 1.89 to 2.06% and the intrareaders assessment was between 
2.38 and 4.54% for all DTI metrics with the exception of RD for 
Smith et al. (2016), which showed a higher percentage (DBA = 
8.44%), and was attributed to a strong dependency on image 
resolution, as the sequence parameters resulted in reduced reso-
lution and an enhanced signal-to-noise ratio (SNR).

DISCUSSION
Reproducible measurements of DTI would greatly facilitate the 
evaluation of progressive diseases that involve the cervical spinal 
cord, assist in treatment strategies as well as being able to be used 
for monitoring when disease is stable. The main purpose of this 
systematic review paper was to assess previous DTI studies that 
specially evaluated the repeatability and reproducibility of DTI 
metrics in assessments of the cervical spinal cord. Our find-
ings show overall that DTI metrics reveal fairly good agreement 
between repeated measurements.

Factors that impact the reproducibility of DTI 
metrics
One of factors that might impact the reproducibility of DTI 
metrics is the segmentation methods applied for the cervical 
spinal cord. A total of seven studies18–22,27,28 used manual ROIs, 
which are more bias-related, inconvenient, and labour-intensive 
and do not provide atlas-based segmentation assessments 
and tract-specific information. Moreover, as the cord volume 
decreases between C1 and T1, manual ROIs, at each disk and 
mid-level of cervical vertebral body, are subject to contamina-
tion from cerebrospinal fluid (CSF) or nearby tissue structures as 
discussed by Barakat, Shah et al.22 ROIs which cover the entire 
cord, both WM and grey matter (GM) are frequently employed 
which provide limited details particularly about the disease 
influence on the WM regions, specifically when considering 
the differences in DTI indices between WM and GM, as well as 
the possible microstructural changes in disease impact between 
these tissues.25 Moreover, in some spinal cord diseases such as 
cervical spondylotic myelopathy (CSM) disease, low spatial reso-
lution DTI images and an atrophied spinal cord make it more 
challenging to draw an accurate ROI that involves only the spinal 
cord.28 Conversely, four studies in this review23–26 applied an 
automatic segmentation method. This approach provides tract-
based indices and robust readouts from different ROIs, with 
the outcomes validated by suitable reproducibility analysis that 
can provide increased specificity with respect to clinical damage 
values when compared to the entire cord regions.25 Another 
factor that might impact the reproducibility of DTI metrics is 
the cervical spinal cord level examined, as observed in Barakat 
et al,20 22 and 28 where DTI characteristics were acquired at 
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different levels of spinal cord and reported different ICC values. 
One possible explanation for the variation of ICC of DTI para-
metric values in these studies was signal drop-off near the neck 
coil’s edge. The lower cervical and higher thoracic levels were 
positioned at the neck coil’s extremities, where SNRs declined, 
and CSF was accidentally included in areas with prominent 
image artifacts. Furthermore, the cervical levels closest to the 
heart (C4C7) are those most susceptible to cardiac motion.32,33 
As a result, some cardiac motion artifacts may have influenced 
the ROI selection or placement and when individual DTI param-
eters were measured, FA and RD demonstrated the greatest vari-
ability in ICC values. Moreover, cervical spine measurements 
may also be impacted by some movement artifacts related 
to breathing, CSF pulsation, blood flow and/or swallowing 
resulting in ghosting artifacts, particularly if the phase encoding 
direction was applied in the anterior to posterior (AP) direction. 
The reproducibility agreement was found to be low particularly 
at lower (C6, C7) cervical spinal cord levels in the Barakat, Shah 
et al.22 study. cardiac motion-related artifacts can be minimised 
using cardiac triggering during the scanning. Although cardiac 
gating is beneficial for controlling spinal cord movement and 
reducing flow-related artifacts from CSF, it generally increases 
the scan time, potentially resulting in more motion artifacts 
from other sources. The most frequently utilised diffusion-
weighted MRI pulse sequence is echo-planar imaging (EPI) 
,which may help in reducing motion-related artifacts due to its 
very rapid acquisition time.34,35 In Martin et al.26, DTI sequences 
either with or without cardiac gating were used on 10 subjects 
and no differences were found for the CV of FA under the two 
conditions. Different acquisition parameters could be another 
impacting factor for the reproducibility of DTI measures. It was 
observed that the reproducibility of equivalent DTI technique 
varied greatly between included studies (Table  2). The clinical 
nature of DTI techniques necessitates optimising the SNR and 
contrast-to-noise ratio (CNR) by altering the DTI parameters 
to acquire the best images with the most diagnostic information 
per subject, which intrinsically influences reproducibility as well. 
Changes in, for example, echo time (TE), repetition time (TR) 
or voxel size have a significant impact on the signal intensity of 
voxels. These findings imply that the wide range of values for DTI 
parameters’ reproducibility is suggested to be due to the wide 
range of settings for TE, TR, b-values, number of signal aver-
ages, voxel size and sequences used to generate the images. Stan-
dardized methods employing the same TR, TE, matrix sizes, and 
other parameters would improve DTI reproducibility and would 
help in quantitative analysis of DTI technique. Furthermore, 
reduced FOV (rFOV) EPI sequences such as ZOOM (zonally 
magnified oblique multislice) are also possible in DTI protocols, 
which provides adequate SNR and lower data distortions.36 In 
addition, the number of averages was different in most of the 
included studies (ranging from 1 to 6 acquisition averages). It 
was observed that more signal averages produce lower relative 
noise and reduces the variation resulted from image corruption 
sources such as inconsistence in hardware in MRI systems and 
motion-related artifacts. However, as more signal averages lead 
to longer scan time, this consequently provides more time for the 
subject to move. In addition, the CNR was also seen to be higher 
with increased numbers of signal averages.24 The selection of 

the number of diffusion gradient directions may also play a role 
in the reproducibility of DTI metrics, as reported by By et al.24 
where they investigated the effect of the number of diffusion 
gradient directions on the reproducibility of the quantitative 
DTI using normalised DBA as well as limits of agreement (LoA). 
They compared results obtained 6, 15, and 32 directions with 
automatically segmented WM and GM ROIs between C2 and C5 
and found that the DBA of the two repeated scans were below 
14% for all metrics, with the largest DBA being observed from the 
32-direction data. The 15-directions, on the other hand, reported 
the lowest DBA for most of the metrics (MD: WM DBA = 2.28%, 
GM DBA = 0.07%; RD WM DBA = 3.1%, FA GM DBA = 0.09%, 
FA GM DBA = 2.43%) showing a small variation overall across 
different time points with the 15-direction option as well as 
producing high and reproducible contrast. This might be due to 
the higher number of averages used in the 15-direction scheme 
(four times) comparing to the 32-direction scheme where only 
two excitations were applied; however, with more gradient direc-
tions, the boundaries of the cervical spinal cord can be readily 
detected, as small directions could result in larger variation in all 
DTI metrics, especially in the principle eigenvector (PEV) direc-
tion, which is an essential concern for tractography and might 
have an impact on the reproducibility of DTI metrics. Another 
possible factor that influences the reproducibility of DTI metrics 
is image artifacts.Although, DTI has been widely applied in brain 
studies, for example, in MS patients,37 its application in the spinal 
cord remains challenging due to its small structural size, artifacts 
related to cerebrospinal fluid (CSF) contamination, as CSF DTI 
parameters are very different to GM and WM values,22 magnetic 
field inhomogeneities and respiratory and cardiac motion.27,38–41 
In addition, partial volume contamination between WM and GM 
or between WM and CSF, distorted anatomy, inaccurate regis-
tration to the spinal cord toolbox (SCT) templates42 may also 
influence the reproducibility of DTI metrics. These artifacts were 
found have an impact on the reproducibility of DTI indices as 
reported by26 where a diminished reproducibility were observed 
specifically in mid cervical levels (MCLs) as well as caudal levels, 
but the overall variation was acceptable (CV<5%).

None of included studies have discussed the effect of age-related 
changes to the ICC and CV calculations, and thus, further 
research is required to examine the impact of this on the reli-
ability and reproducibility of DTI metrics in CSC.

Normative values for DTI metrics for WM and GM
Imaging of the spinal cord is challenging and there is possibility 
of increased motion in a less-than-cooperative patients. There-
fore, obtaining accurate DTI values may be more difficult in 
the paediatric population, especially with those who have had 
SCI. In injured cord, the FA map reveals reduced values, while 
MD, AD, and RD show increased values relative to a healthy 
population. This supports the usefulness of DTI technique in 
evaluating the tissue microstructure changes. In healthy paedi-
atric population studies,19,20,22 there was a gradual increase in 
AD and decrease in MD, and FA along the length of CSC in the 
superior-to-inferior direction (C1-T1), while RD stayed rela-
tively constant. In addition, in Taso, et al23 study, the differences 
between WM and GM was clearly seen where lower MD and FA 
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values observed in GM than WM. This is due to the fact that 
water diffusivity in GM tissues is substantially less restricted than 
in WM tissues. Moreover, there was also reduction in the AD 
and FA values of WM and FA of GM in C5 in comparison to that 
in C2 (fewer fibres in C5 than C2), while RD in WM was found 
to be higher at C5 comparing to C2 (higher extracellular space at 
C5). This was in line with previous reports,43,44 which examined 
the morphological structure of WM and GM as the cord volume 
decreases between C1 and T1 (superior-to-inferior). Using 
a fixed ROI method such as that in the Barakat et al22 study is 
difficult to maintain at levels where cord volume become much 
smaller compared with a free-hand ROI method, and some arte-
facts might arise due to tissue contamination with cerebrospinal 
fluid (CSF) impacting the DTI values. The use of the automated 
image processing software such as spinal cord toolbox (SCT)42 
might help to reduce the partial volume effects and provide 
better measurements of the DTI metrics. Further, DTI metrics 
could be effected depending on the cord levels examined as at the 
upper and lower end of neck coil (where SNR decreases) the DTI 
indices might be influenced by signal drop-off.22

DTI metrics have previously been reported for brain WM with 
differences in the values of DTI indices related to gender45 as 
well as age.46,47 In the current review, only the study by Taso, et 
al23 investigated the DTI metrics over three different age groups 
(<35 years, between 35 and 50 years, and >50 years) at C2 and C5 
found that at C5 people < 50 years had reduced AD and FA for 
WM metrics, and lower MD and FA values for GM in compar-
ison with middle-age subjects (between 35 and 50 years). The 
same study also reported that none of the DTI metrics showed 
any differences between males and females in any ROI or age 
group.

The effect of different gradient directions on DTI measures was 
investigated in one study by By, et al,24 where they applied three 
different gradient schemes (6,15, and 32 directions taking three 
different scanning times 4.5, 9, and 18 min) and generally found 
that the CNR was higher for a larger number of gradient direc-
tions and the CNR reduces as the scanning time decreases. In 
addition, they qualitatively assessed the images of DTI metrics 
and reported that the difference between GM and WM in the 
spinal cord for FA, AD, and RD was observed in all schemes, 
with less separation between different tissues at the 6-direction 
scheme. Additionally, the contrast between CSF and CSC was 
also less for the lower gradient direction scheme. The MD 
value was not sensitive due to its less dependent on directions 
number.24

Limitations
To the best of our knowledge, this is the first systematic review 
to evaluate the reproducibility of DTI metrics within the cervical 
spinal cord. However, it is important to note that there are some 
considerable barriers that limit this study. Firstly, a meta-analysis 
was not conducted due to a variety of reasons, including the 
heterogeneous nature of data collected, the fact that all included 
studies did not have the similar outcome measurements, that 
different regions of interest and vertebral levels were chosen 
among the included studies and that not all DTI metrics were 
evaluated. This review covered only the cervical spinal cord area 
as this area of the spinal cord is specifically affected in certain 
diseases; however, including the thoracic and lumber vertebral 
regions could improve the repeatability and reproducibility 
values for spinal cord DTI metrics generally.

CONCLUSION
This study has shown that the use of DTI and its related measures 
in the clinical setting, specifically in the evaluation of cervical 
spinal cord pathologies, is feasible and reproducible. However, 
cervical spinal cord DTI suffers from limitations that prevent it 
from being used routinely in research and clinical settings. More 
research into the techniques used is required to significantly 
overcome and improve these limitations, as well as to detect reli-
able time-specific changes in different DTI parameters, so that 
this technique may be utilised reliably and accurately in the clin-
ical environment. The normative values of DTI metrics suggest 
that level-dependent evaluations should be considered carefully 
when assessing different pathologies of the spinal cord.
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