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Abstract
Background Magnetic resonance diffusion tensor imaging (DTI) has recently been used to evaluate the developing cartilage 
of children, but the influencing factors have not been well studied.
Objective The objective of this study was to investigate the influence of the diffusion gradient strength (b value), diffusion 
gradient direction, age and sex on knee cartilage DTI in healthy children aged 6–12 years.
Materials and methods A total of 30 healthy child volunteers, with an average age of 8.9 ± 1.6 (mean ± standard deviation) 
years, were enrolled in this study. They were categorized into three groups according to their age range: 6–8 years, 8–10 years 
and 10–12 years, ensuring equal sex distribution in each group (5 boys and 5 girls). These volunteers underwent routine 
left knee joint magnetic resonance imaging (MRI) and serial DTI scans. DTI parameters were altered as follows: when b 
value = 600 s/mm2, diffusion gradient direction was set to 6, 15, 25, 35 and 45; and when diffusion gradient direction = 25, b 
value was set to 300, 600, 900 and 1200 s/mm2. The values of fractional anisotropy (FA) and apparent diffusion coefficient 
(ADC) were separately acquired using image post-processing techniques. The correlation between various b values, diffusion 
gradient directions, age and sex on the one hand and FA and ADC values on the other, was investigated.
Results (1) When diffusion gradient direction was fixed and the b value was varied, both FA and ADC exhibited a decreasing 
trend as the b value increased (P < 0.001). (2) When the b value was fixed and diffusion gradient direction was varied, the 
FA of knee cartilage showed a decreasing trend with increasing diffusion gradient direction (P < 0.001). (3) The FA value 
increased with age (P < 0.05).
Conclusion The b value, diffusion gradient direction value and age exert a significant impact on both FA and ADC values 
in MR DTI of knee cartilage in children aged 6–12 years. In order to obtain a stable DTI, it is recommended to select a b 
value ≥ 600 s/mm2 and a diffusion gradient direction ≥ 25 during scanning.
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Introduction

The growth cartilage and epiphyseal cartilage play cru-
cial roles in children’s skeletal development. A variety of 
acute and chronic disorders can involve cartilage, leading 
to impaired skeletal development or joint deformity. This 
primarily occurs due to the lower cell density and lim-
ited capacity for self-repair in cartilage, and the damage 
is typically irreversible [1].

Magnetic resonance imaging (MRI) is currently the 
sole non-invasive imaging modality for evaluating carti-
lage damage and repair. MRI techniques, such as delayed 
gadolinium-enhanced magnetic resonance imaging of car-
tilage (dGEMRIC), T1ρ mapping, T2 mapping and diffu-
sion tensor imaging (DTI), have been applied in clinical 
and experimental studies to assess cartilage. The dGEM-
RIC technique demonstrates exceptional sensitivity and 
specificity in quantifying the content of proteoglycans 
within cartilage. In theory, there is electrostatic repulsion 
between the negatively charged proteoglycans in cartilage 
and the anionic contrast agent Gd-DTPA2−. A reduction in 
proteoglycan concentration leads to increased aggregation 
of Gd-DTPA2−, resulting in a shorter transverse relaxa-
tion time of the cartilage [2]. However, this measurement 
requires the administration of a double dose of intravenous 
contrast agent and is primarily used to appraise articular 
cartilage [3]. The T1ρ technique can be used for measur-
ing proteoglycan degradation in cartilage. An increase in 
the T1ρ value is observed in the presence of alterations 
in extracellular proteoglycans and collagen fibre density 
or arrangement compared to that of normal cartilage. 
However, this measurement relies on long radiofrequency 
pulses, which may result in an elevation of the specific 
absorption rate [4]. The transverse magnetization of T2 is 
predominantly affected by the anisotropy inherent in the 
structural organization of cartilage tissue, which is intri-
cately linked to the composition, orientation and water 
content of collagen protein. It provides partial insight into 
the spatial arrangement of collagen fibres within cartilage; 
however, its sensitivity and specificity are somewhat con-
strained [5].

DTI enables non-invasive measurement of water mol-
ecule movement in vivo, quantifying water molecules to 
obtain information on the anisotropy of different tissues, 
thus studying changes in the microstructure of tissues. If 
molecules diffuse freely, the MRI signal decreases in all 
directions, but if diffusion is restricted, it does not [6]. It 
has been applied in assessing pathologies of the brain and 
spinal cord, kidney, muscle and peripheral nerves [7, 8]. 
A growing body of studies also demonstrate its potential 
in evaluating the organized structure of cartilage, predict-
ing the growth and development of children or assessing 

cartilage impairment [9, 10]. DTI has excellent sensitivity 
for endochondral fibre imaging. The two primary quanti-
tative values obtained from DTI are the fractional anisot-
ropy (FA) and apparent diffusion coefficient (ADC). FA is 
used to quantify diffusion anisotropy of water molecules 
within cartilage, which depend on the vectorality of the 
tissue structure. A FA value close to 0 represents increased 
diffusion of water molecules in all directions while a FA 
value close to 1 indicates rich anisotropic structures such 
as thin fibres. In patients with early cartilage damage, the 
FA value is significantly lower than in the normal popu-
lation [11]. ADC reflects the interaction between water 
molecules and the adjacent environment. An increased 
ADC value in cartilage often suggests disintegration of the 
organized and structural extracellular matrix [12]. In short, 
the accurately measured FA and ADC values are important 
MRI characteristics of cartilage. However, some previous 
studies have demonstrated that b value can directly affect 
the  ADC value [13, 14]. We also found in preliminary 
tests that during DTI scanning of children’s cartilage, the 
selected b value and diffusion gradient direction may pro-
duce different FA and ADC values. Similar findings have 
also been reported in studies on adult and animal cartilage, 
but the impact of these factors in developing childhood 
cartilage, to our best knowledge, remains unexplored [15, 
16]. Therefore, this study was designed to probe the poten-
tial influences on measurement outcomes in DTI scanning 
of preadolescent and adolescent children’s cartilage, aim-
ing to find an optimal combination of b value and diffusion 
gradient direction.

Materials and methods

Subjects

This study was performed in compliance with protocols 
approved by our institutional research ethics board (proto-
col number: 2021–222), and informed consent was obtained 
after the nature of the study had been fully explained.

The study recruited healthy children as volunteers 
through public advertising between March 2022 and June 
2023. The inclusion criteria for subject selection were as 
follows: (1) age range of 6–12 years; (2) absence of joint 
swelling, pain, stiffness, restricted movement or deformity 
upon physical examination; (3) willingness to participate in 
the study with informed consent/assent provided by both the 
guardian and the participant. The exclusion criteria were as 
follows: (1) individuals with claustrophobia or those unable 
to complete the full examinations for any other reason; (2) 
individuals suffering from genetic and metabolic disorders, 
immune system diseases, tumours or other undetermined 
multisystemic diseases; (3) individuals with a prior history 
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of trauma, inflammation, infection or surgical intervention 
on either unilateral or bilateral knee joints; (4) individuals 
who previously used glucocorticoids, growth hormones, thy-
roid hormones and other drugs that may impact chondral 
development; (5) individuals participating in long-term and 
high-intensity exercise training; (6) volunteers with evident 
image artefacts that did not have the necessary quality for 
the study. The inclusion and exclusion process are illustrated 
in Fig. 1.

Magnetic resonance imaging and image processing

Before the imaging exam, the volunteers were asked to sit 
quietly for approximately 5 min to ensure that the left knee 
remained at rest. MRI of the left knee joint was conducted 
with a 3-tesla (T)  magnetic resonance machine (GE Health-
care, Waukesha, WI) using a dedicated 8-channel knee coil. 
Both axial T1-weighted imaging(T1W) and DTI data were 
acquired. The parameters for DTI were as follows: repeti-
tion time (TR) = 2035 ms, echo time (TE) = 85 ms, field of 
view (FOV) = 160 mm × 160 mm, matrix size = 128 × 130, 
acquired spatial resolution = 1.2 mm × 1.2 mm × 3.0 mm, 
thickness = 3.0 mm, slices = 16, interslice space = 0 mm, 
number of excitations = 2. When the b value was set to 600 s/
mm2, image acquisition was performed separately in a dif-
fusion gradient direction of 6, 15, 25, 35 and 45. When the 
diffusion gradient direction was fixed at 25, image acquisi-
tion was performed separately with b values of 300, 600, 900 
and 1200 s/mm2. The total scanning time was about 20 mins.

The MR images were transmitted to the GE ADW4.7 
(GE Healthcare, Paris, France) working station for further 
analysis. The DTI software Readyview (GE Healthcare) 
was employed to automatically generate DTI pseudocolor 
images, which were carefully selected to showcase the 
central level of knee joint cartilage, effectively defining its 

shape, thickness, and boundary. Four regions of interest 
(ROIs) within, primarily, epiphyseal cartilage was selected 
from T1w images and mapped to DTI pseudocolor images 
(Fig. 2). The regions of interest (ROIs) were placed to maxi-
mize inclusion of the cartilage and were drawn using the 
freehand technique. These regions included the posterior 
patella, the pre-epiphyseal region of the femoral bone, and 
the internal and external condyles of the femur. Subse-
quently, automated calculations generated the corresponding 
FA and ADC values. The images were measured indepen-
dently by three certified paediatric radiologists (H.P., W.M. 
and S.G.) who had at least 5 years of experiences in chil-
dren’s MRI diagnosis and all blinded to the volunteers’ per-
sonal information. The average FA and ADC values obtained 
by the three radiologists in all four ROIs were considered 
representative measurements for the cartilage FA value and 
ADC value of each volunteer. FA and ADC were calculated 
using the following formulas:

where λ1, λ2 and λ3 are three non-zero components (i.e. 
eigenvalues) [17].

Statistical analysis

The statistical analysis was conducted using SPSS (Ver-
sion 19.0, SPSS Inc, Chicago, IL) and GraphPad Prism 
(Version 9.5, GraphPad Software Inc, San Diego, CA). 
The intraclass correlation coefficient (ICC) was used to 
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evaluate the consistency of radiologists’ measurements. The 
Kruskal–Wallis rank sum test or Mann–Whitney U test were 
used when normality and homogeneity of variance assump-
tions were not satisfied. Spearman’s correlation coefficients 
were calculated to assess the relationships between FA and 
b values, FA and diffusion gradient direction, FA and age, 
and FA and sex and the relationships between ADC and 
b values, ADC and diffusion gradient direction, ADC and 
age, and ADC and sex. Pearson’s correlation techniques 
were used to probe the relationships between FA and age 
and between ADC and age. P < 0.05 was considered statisti-
cally significant.

Results

Subjects and consistency of radiologists' 
measurements

A total of 30 child volunteers were ultimately enrolled in 
the study, comprising an equal distribution of 15 boys and 
15 girls aged between 6 and 12 years, with an average age 
of 8.9 ± 1.6 (mean ± standard deviation) years. They were 
categorized into three groups based on age: 6–8 years old, 
8–10 years old and 10–12 years old. Each group consisted 
of five boys and five girls.

The interrater reliability for FA measurement among 
the three radiologists was excellent, with an ICC of 0.999 
(P < 0.001), while the interrater reliability for ADC measure-
ment was high, with an ICC of 0.980 (P < 0.001).

Effect of b value on fractional anisotropy 
and apparent diffusion coefficient

According to the results of the Kruskal–Wallis test, both 
FA values and ADC values exhibited significant differ-
ences among different b values (P < 0.001). Dunn’s mul-
tiple comparisons test showed that only the FA values at 
b value = 300 mm/s2 differed significantly from those at 
any other b value (P < 0.001); no significant difference 
was observed between any two of the remaining b val-
ues, and there were significant differences in ADC values 
between each pair of b values (300 s/mm2 vs. 600 s/mm2 
(P = 0.0195), 300 s/mm2 vs. 900 s/mm2 (P < 0.001), 300 s/
mm2 vs. 1200 s/mm2 (P < 0.001), 600 s/mm2 vs. 900 s/mm2 
(P = 0.0222), 600 s/mm2 vs. 1200 s/mm2 (P < 0.001) 900 s/
mm2 vs. 1200 s/mm2 (P = 0.023)) (Fig. 3). Furthermore, 
Spearman’s correlation analysis showed a significant nega-
tive correlation between b values and FA (P < 0.001), as well 
as between b values and ADC (P < 0.001). Additionally, both 
FA and ADC exhibited a decline with increasing b value 
(Fig. 4). FA values reached a plateau when the b value was 
higher than 600 s/mm2 (Fig. 5).

Effect of diffusion gradient direction on fractional 
anisotropy and apparent diffusion coefficient

According to the Kruskal–Wallis test, there was a sig-
nificant difference in FA among different diffusion 
gradient direction overall (P < 0.001), whereas no sig-
nificant difference was observed for ADC (P = 0.995). 
Dunn’s multiple comparisons test of FA values revealed 
significant differences between some pairs of diffu-
sion gradient direction (6 vs. 15 (P = 0.0074), 6 vs. 25 
(P < 0.001), 6 vs. 35 (P < 0.001), 6 vs. 45 (P < 0.001), 

Fig. 2  A healthy 7-year-old boy. a Axial T1W imaging of the left 
knee joint shows manually delineated regions of interest (ROIs) for 
cartilage (posterior patella, pre-epiphyseal region of the femoral bone, 
and internal and external condyles of femur). b The ROIs on the T1W 
imaging are mapped to the image of fractional anisotropy (FA). The 
colour scale represents the range of FA values (0.00–0.60)
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15 vs. 35 (P = 0.0001), 15 vs. 45 (P < 0.001), 25 vs. 45 
(P = 0.0225)); no significant differences were found 
between the following pairs of diffusion gradient direc-
tion: 15 vs. 25 (P = 0.0956), 25 vs. 35 (P = 0.6896), 35 
vs. 45 (P > 0.9999) (Fig. 6). Furthermore, Spearman’s 

correlation analysis indicated that as the diffusion gra-
dient direction increased, there was a decrease in FA 
(r =  − 0.8227, P < 0.0001) (Fig. 7). The FA value exhib-
its a decreasing trend as the diffusion gradient direction 
increases, and the rate of attenuation slows down when 
the diffusion gradient direction > 25 (Fig. 5).

Effect of age and sex on fractional anisotropy

Spearman’s correlation analysis showed a significant posi-
tive correlation between age and FA (P < 0.05). Furthermore, 
there was an increase in FA with increasing age (Fig. 8).

The Mann–Whitney U test showed that there was a sig-
nificant difference in FA values between males and females 
(Z =  − 3.259, P = 0.001), and no significant difference 
in ADC values between males and females (Z =  − 1.275, 
P = 0.202). Figure 9 shows the variation curve of FA values 

Fig. 3  a Comparison of fractional anisotropy  (FA) between any two 
b values. b Comparison of apparent diffusion coefficient between 
any two b values. ADC apparent diffusion coefficient. *P < 0.05, 
****P < 0.0001

Fig. 4  a The fractional anisotropy (FA) decreased as the b value 
increased. b The apparent diffusion coefficient decreased as the b 
value increased. ADC apparent diffusion coefficient
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for different sexes with the direction of b values or diffusion 
gradients. It can be seen that the FA value of girls is always 
higher than that of boys.

Fig. 5  a The relationship between the fractional anisotropy (FA) and 
b values for each ages. b The relationship between FA and diffusion 
gradient direction at different ages

Fig. 6  Comparison of the value of fractional anisotropy (FA) 
between any two diffusion gradient directions. *P < 0.05, **P < 0.01, 
***P < 0.001 and ****P < 0.0001

Fig. 7  Correlation analysis shows that the fractional anisotropy (FA) 
decreased as the diffusion gradient direction increased

Fig. 8  a A representative plot illustrating the trend of the fractional 
anisotropy (FA) with age at each given b value (s/mm2). b Represent-
ative plot illustrating the trend of FA with age at each given diffusion 
gradient directions
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Discussion

The epiphyseal cartilage in children undergoes continuous 
development from the embryonic stage to epiphyseal clo-
sure, distinguishing it from adults. The development begins 
during the 6th week of embryonic life, with joint formation 
occurring around the 10th week. After birth, the cartilage 
continues to develop and reaches its maximum thickness 
at approximately one year of age. The presence of the tide 
line indicates the completion of cartilage maturation and the 
termination of intrachondral ossification [18]. The develop-
ment process is intricately synchronized with the formation 
of secondary ossification centres, where the developing epi-
physeal cartilage undergo progressive maturation over time 
while simultaneously undergoing structural rearrangement 
[19]. During different stages of development, there will be 
corresponding changes in the composition and structure of 
cartilage. With growth, the collagen fibre structure becomes 
more organized and stable, leading to a gradual thinning of 
cartilage, and a decrease in proteoglycan size and accumu-
lation within the matrix [20]. Of interest, multiple studies 
have demonstrated that among healthy children of similar 
age groups, girls tend to have smaller joints and thinner car-
tilage compared to boys [21, 22].

The DTI technique enables quantitative evaluation of the 
microanatomy, primarily the complex collagen fibre struc-
ture, of epiphyseal cartilage, growth plate cartilage and 
articular cartilage [23]. It can be used for assessing skeletal 
development in paediatric patients, especially in younger 
children whose ossific epiphyses have not yet formed or are 
very small. Moreover, DTI holds potential for investigating 
the impact of disease on cartilage structure and function, 
particularly metabolic disorders, immune disorders and 
chronic arthritis [6, 9]. In clinical settings, DTI technology is 
predominantly employed for assessing brain microstructure, 
such as white matter fibre bundle injuries, surgical plan-
ning for tumour resection and white matter development. 
Its application in extracerebral organs including cartilage 
evaluation remains limited [24–28]. The reasons are not yet 
fully elucidated. Potential contributing factors may contain 
challenges in immobilization of extracerebral organs during 
imaging procedures, insufficiency of directional fibre bun-
dles within these organs, reduced measurement accuracy, a 
lack of high-quality post-processing algorithm, etc. [29, 30].

In DTI acquisition, the appropriate selection of the num-
ber of diffusion gradient directions and b value is crucial. On 
the one hand, DTI requires an adequate signal-to-noise ratio 
(SNR) for post-processing while maintaining the desired 
level of diffusion weighting. In this situation, the b value 
plays a critical role [31]. A higher b value increase sensitiv-
ity to motion diffusion of water molecules and effectively 
suppresses isotropic diffusion, thereby providing better 
depict of tissue fibre direction of interest [15]. However, 
using high b values may lead to issues such as significant tis-
sue signal attenuation and decreased image SNR. Therefore, 
selecting an optimal b value is essential to obtain high-qual-
ity images without compromising SNR. On the other hand, 
directionality plays a pivotal role in quantifying collagen 
anisotropy and fibre arrangement. The greater the number 
of diffusion-sensitive gradients applied in various directions, 
the higher the directional resolution of DTI, leading to more 
precise results for fibre bundle tracking. For specific tissues 
with regular fibre arrangements, a moderate number of dif-
fusion gradient fields applied can adequately reflect the fibre 
direction. However, excessive application of diffusion sen-
sitivity gradients in multiple directions will unnecessarily 
prolong scanning time and contribute to potential artifact 
production [15, 32]. Particularly in knee cartilage DTI scan-
ning, it is necessary to study parameter optimization due to 
the shorter spin–spin relaxation time and lower water density 
compared with brain tissue [16].

Many studies have reported the application of DTI in 
adult articular cartilage, but studies on children’s carti-
lage are relatively few. From the PubMed database, we 
retrieved only four studies focusing on children’s carti-
lage DTI, with the earliest published in 2017 [9, 33–35]. 
For DTI studies on adult articular cartilage, a b value of 

Fig. 9  a The relationship between the fractional anisotropy (FA) and 
b values for each sex. b The relationship between FA and diffusion 
gradient direction for each sex
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700–1000 s/mm2 and a number of diffusion gradient direc-
tion greater than 14 has been recommended in the related 
literature [16, 31]. However, there is limited knowledge 
regarding the influencing imaging factors and the appro-
priate DTI parameter settings for the developing cartilage 
of children. This study attempted to probe these issues and 
revealed that increasing the b value resulted in a decrease 
in both FA and ADC measurements and the FA values 
tended to stabilize when the b value exceeded 600 s/mm2. 
This phenomenon may be attributed to the presence of rich 
blood vessels in children’s cartilage compared to adult car-
tilage, making measurements at low b values susceptible 
to microcirculation perfusion and consequently yielding 
higher FA and ADC values [36]. Therefore, selecting a b 
value of 600 s/mm2 is more appropriate due to its ability 
to maintain stability while avoiding significant decreases 
in SNR associated with larger b values. This study has also 
revealed that an increase in the diffusion gradient direction 
leads to a gradual decrease in FA. This finding highlights 
the crucial role of the applied diffusion gradient directions 
in accurately quantifying collagen anisotropy and fibre 
alignment. The lower number of diffusion gradient direc-
tions may induce alterations in each tensor element, ulti-
mately resulting in an overestimation of FA [15]. Notably, 
FA values tended to be stable in all age groups when the 
diffusion gradient direction was higher than 25. Therefore, 
for obtaining consistent results in knee cartilage imaging, 
it is recommended to use a b value of 600 s/mm2 and a 
diffusion gradient direction > 25. These findings align with 
previous studies by Nian Wang et al. and Qi Zhao et al., 
although differences could be attributed to variations in 
magnetic field strength or subject characteristics [15, 16].

In addition, we found a significant positive correlation 
between FA value and age. The FA value increased with 
increasing age, which is consistent with the findings reported 
by Kvist et al. [37]. The fibre orientation and degree of 
cross-linking in a specific area influence the anisotropic dif-
fusion of cartilage by directing the pore shape through which 
water diffuses [38]. Changes in collagen structure substan-
tially impact the direction of water molecule dispersion, 
directly affecting FA values [17, 39]. This may be due to the 
continuous proliferation of cells in the cartilage as children 
grow older, resulting in a more orderly arrangement of cells 
and cell matrix. A more regular tissue structure arrange-
ment will result in stronger diffusion anisotropy of water 
molecules and a correspondingly higher FA value [40]. 
Moreover, it has been reported that the SNR of DTI images 
in older children is diminished, which can potentially result 
in an overestimation of FA values [34]. In this study, we 
also observed a higher FA value in girls compared to boys. 
The reasons for this discrepancy are not fully understood, 
perhaps it relates to the fact that the female cartilage exhibits 
thinner dimensions and a greater proportion of transverse 

collagen fibres than male cartilage, thereby providing a more 
complex collagen fibre structure [41].

This study has at least the following limitations. Firstly, 
due to the potential risks associated with sedation, we did 
not include children under 6 years old, which may be con-
sidered a major limitation. Secondly, the sample size is small 
and could result in statistical deviations. Thirdly, despite 
employing multiple radiologists and repeated sampling 
methods during data processing, manual selection of ROIs 
may result in errors and biases. Fourthly, the use of T1W 
imaging to delineate ROIs and maximize the inclusion of 
cartilage may lead to some articular cartilage being circled 
into the ROIs. Finally, this study was done with a 3-T MR 
machine, it is necessary to determine whether the results of 
this study are applicable to 1.5-T MR scanners. Future stud-
ies should aim to include larger sample sizes that encompass 
children under 6 years old while using more objective auto-
mated image processing systems.

In conclusion, the DTI sequence of MRI can be used 
for quantitative analysis of knee cartilage development in 
children. It is essential to carefully select appropriate b val-
ues and diffusion gradient directions due to their potential 
influence. To achieve a robust DTI image for children aged 
6–12 years, a b value ≥ 600 s/mm2 and diffusion gradient 
direction ≥ 25 may be appropriate.
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