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Background: For children diagnosed with acute lymphoblastic leukemia (ALL), methotrexate (MTX) 
treatment carries the risk of leukoencephalopathy and other treatment-related brain damage. However, 
earlier and more sensitive evaluation is needed to elucidate the specific effects of MTX treatment in this 
group. This study aimed to evaluate changes in brain metabolites, diffusion and anisotropy features, and 
cognitive performance in children with ALL after MTX treatment.
Methods: In this observational study conducted from December 2013 to December 2015, 30 children with 
ALL and 30 healthy children were recruited and evaluated using baseline magnetic resonance imaging (MRI), 
magnetic resonance spectroscopy (MRS), diffusion tensor imaging (DTI), and neurocognitive tests. After 
MTX treatment and ALL remission, the children with ALL underwent MR examination and neurocognitive 
tests again. Quantitative alterations of MR and cognitive test results from the baseline data were calculated.
Results: At baseline, the ALL group (age 6.9±3.3 years; 14 boys) and the healthy controls (age 6.0±3.1 years,  
14 boys) had comparable neurocognitive performance and MR results. After MTX treatment, 6.7% 
(2/30) of children with ALL showed abnormalities on diffusion- and T1- and T2-weighted images. The 
N-acetylaspartate/creatine and N-acetylaspartate/choline values of children with ALL decreased, whereas 
their choline/creatine values increased significantly. The fractional anisotropy (FA) values decreased in the 
frontal lobe (P=0.03) and the genu of the corpus callosum (P=0.01). The FA values in the genu of the internal 
capsule (P=0.08), the occipital lobe (P=0.20) and the splenium of the corpus callosum (P=0.30) did not 
change from baseline. The apparent diffusion coefficient (ADC) values decreased in the frontal lobe (P=0.03). 
The ADC values in the genu of the corpus callosum (P=0.11), the genu of the internal capsule (P=0.93), 
and the occipital lobe (P=0.65) did not change from baseline. Due to the presence of outliers and the small 
sample, the ADC values in the splenium of the corpus callosum were discarded. Neurocognitive performance 
decreased slightly after MTX treatment, with noticeable declines in working memory and processing speed. 
Changes in FA values were positively correlated with the reduction in the N-acetylaspartate/creatine ratio at 
the genu of the corpus callosum of children with ALL aged above 6 years.
Conclusions: MTX treatment causes subtle cognitive decline in children with ALL in remission and 
dramatically affects their brain metabolites, but changes in white matter diffusion features are limited to the 

2486

^ ORCID: 0000-0002-1356-3705.

https://crossmark.crossref.org/dialog/?doi=10.21037/qims-21-748


Quantitative Imaging in Medicine and Surgery, Vol 12, No 4 April 2022 2475

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2022;12(4):2474-2486 | https://dx.doi.org/10.21037/qims-21-748

Introduction

Magnetic resonance imaging (MRI) is a non-invasive, 
advanced diagnostic imaging technique with wide-ranging 
clinical and research applications (1). It not only sensitively 
detects lesions, but also serves as a powerful quantitative 
tool. MR spectroscopy (MRS) utilizes the 1H nucleus, 
as the prevalent isotope in most brain metabolites, as its 
spectral signal to directly measure the concentrations of 
brain metabolites, such as N-acetylaspartate (NAA), creatine 
(Cr), and choline (Cho). Another quantitative application of 
MRI is diffusion-tensor imaging (DTI), which estimates the 
diffusion rate of water molecules between cells to reflect in 
vivo microscopic interactions.

As a sensitive, non-invasive, in vivo qualitative and 
quantitative imaging technique, MRI has benefited 
many patients with mild-to-moderate as well as early 
neurologic or psychiatric conditions by providing critical 
information to help guide early therapeutic intervention. 
Methotrexate (MTX) is a powerful anticancer drug, 
but it can be neurotoxic when used as a standardized 
chemotherapy protocol, although symptoms may be 
transient in some cases (2). Neurotoxic side effects of 
MTX include leukoencephalopathy, which appears as 
transient, hyperintense regions on T2-weighted imaging 
(T2WI). In previous research, regularly scanning of 
patients with acute lymphoblastic leukemia (ALL) showed 
that leukoencephalopathy had a prevalence of between 
17% and 87%, and 15% to 83% of patients presented 
with leukoencephalopathy when scanned only after a 
central nervous system event (3). Survivors of childhood 
ALL have been shown to experience treatment-related 
complications, such as secondary malignancies or 
neurocognitive impairment, which impact their quality of 
life after remission (4). The underlying mechanism of MTX 
neurotoxicity involves alterations in folate physiology and 
homeostasis. Folate is essential for neurons and other cells 
of the central nervous system due to its critical roles in 
DNA and RNA synthesis, DNA methylation, and myelin 
maintenance (5). Sequential MRI examination facilitates 

the detection of leukoencephalopathy in all symptomatic 
pat ients  with c l inica l  neurotoxic i ty  and in some 
asymptomatic patients after MTX treatment (2). During the 
acute phase of leukoencephalopathy, DTI reveals restricted 
diffusion of water molecules within the cerebral deep white 
matter, and some residual focus with increased signals on 
T2WI and fluid-attenuated inversion recovery (FLAIR) 
(2,6). One study that used MRS to examine MTX-treated 
children with ALL revealed transient decreases in the NAA/
Cho and NAA/Cr values and temporary increases in the 
Cho/Cr values at 20 weeks after treatment (7).

For the present study, we hypothesized that MR 
examination (MRS and DTI) of children with ALL would 
allow for efficient monitoring of MTX neurotoxicity in 
patients who might be asymptomatic. We also hypothesized 
that changes in MR parameter sensitivity would correlate 
with neurocognitive performance and with changes in MRS 
and DTI parameters. MTX can cause structural damage to 
brain areas, mainly to white matter, especially in the frontal 
lobe and corpus callosum. The occipital lobe and internal 
capsule can also be involved, so these structures were 
selected for our study (8-11). This study aimed to evaluate 
changes in brain metabolites, diffusion and anisotropy 
features, and cognitive performance in children with ALL 
after MTX treatment. 

We present the following article in accordance with 
the MDAR checklist and STROBE reporting checklist 
(available at https://qims.amegroups.com/article/
view/10.21037/qims-21-748/rc). 

Methods

Methods and materials

This study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The study 
was approved by the Institutional Review Board of 
Shenzhen Children’s Hospital, and informed consent for 
each of the patients was acquired from their parents or 
legal guardians.

frontal lobe and corpus callosum.
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Study participants

Between December 2013 and December 2015, 30 children 
aged 2 to 14 years old with a first-time diagnosis of ALL 
were recruited randomly from Shenzhen Children’s 
Hospital. All the children were treated with a standardized 
protocol of intravenous MTX, including induction and 
consolidation therapy. The standardized protocol and the 
clinical risk classification are detailed in the Appendix. All 
cases achieved complete remission of their malignancy. 
Children diagnosed with ALL who had an incomplete 
medical history or whose records were not available for 
evaluation were excluded from the study, as were those with 
any of the following complications: other hematological 
ma l ignanc ie s ,  neuro log ic  d i sorder s ,  congen i t a l 
dysmorphism, or inborn errors of metabolism. 

For the control group, 30 healthy children, who were 
matched to the ALL group by age, educational level, and 
sex at the individual level, were recruited from the hospital’s 
neurological outpatient services department. These children 
had not taken any medications or received radiation that 
can cause conditions of functional neurologic disorders. 
Healthy children who did not have a complete evaluation 
and medical history were also ineligible to participate.

MRI, MRS, and DTI acquisition and analysis

The children in the ALL group underwent two MR 
examinations, at baseline and at 1 to 3 days after MTX 
treatment during ALL remission. The children were 
evaluated for remission at 46 days after receiving MTX. 
Human brain development is relatively stable after the first 
24 months of life (12-14); hence, children under the age of 
2 were excluded to minimize the effects of rapid maturation 
of white matter (15). Also, the interval between the two 
MR examinations was 46 to 49 days, and there were not 
many neurodevelopmental changes occurred in healthy 
individuals during such a short space of time. Therefore, 
healthy controls only underwent MR evaluation at baseline. 
Upon the completion of MTX treatment and confirmation 
of remission by bone marrow biopsy, children in the ALL 
group were scheduled for an MR examination within 3 days. 

The MR images were acquired with a 3.0-T MRI scanner 
and workstation (Magnetom Skyra, Siemens Healthcare, 
Erlangen, Germany) using an 8-channel orthogonal head 
and neck coil. Children under 6 years of age who were 
unable to cooperate with the MR scan were sedated via anal 
administration of 0.5% chlorine hydrate. 

The MR techniques used in this study included axial 
T1WI [repetition time/echo time (TR/TE) 1,800/40 ms;  
field of view (FOV) 24×24 cm; matrix 120×93; slice thickness 
5 mm], axial T2WI (TR/TE 2,300/120 ms), axial T2 
FLAIR (TR/TE 9,000/135 ms), sagittal T1WI FLAIR 
(TR/TE 200/2.5 ms), multi-voxel 1H MRS, point resolved 
spectroscopy (TR/TE 1,500/35 ms; FOV 23×23 cm; matrix 
64×64; number of layers 4-10; slice thickness 6 mm), DTI 
[echo-planar imaging (EPI) sequences, b 1000, 20 dispersion 
directions; TR/TE 1,500 ms/30 ms; FOV =12×12 cm; matrix 
60×60; number of layers 15; slice thickness 5 mm), and DWI 
[echo-planar imaging (EPI) sequences, TR/TE 200/2.5 ms; 
FOV 25×25 cm; matrix 100×100; slice thickness 5 mm]. 

After processing, the workstation software syngoMMWP 
VE40B (Siemens AG, Munich, Germany) and the DTI 
analysis software Neuro 3D (Siemens AG, Munich, 
Germany) were used for image analysis. Five regions of 
interests (ROIs) were sampled with MRS, including the 
bilateral frontal white matter, the genu of the corpus 
callosum, and the genu of the bilateral internal capsule. 
In the frontal lobe, in order to avoid the influence of the 
frontal sinus and the frontal bone on the MRS examination, 
the location information area on 1H-MRS was located in 
the bilateral posterior frontal lobes, including part of the 
basal ganglia, the bilateral anterior horns of the lateral 
ventricles, and the genu of the corpus callosum. Each ROI 
was approximately 3 to 8 mm3 in size. The ROIs of the MRS 
were measured repeatedly three times and then averaged. 
The volume was 30×30×20 mm3, and the voxel ROI 
volume size was 10×10×10 mm3. The NAA/Cr, Cho/Cr,  
and NAA/Cho values of the ROIs were calculated. The 
additional three ROIs, which included the bilateral occipital 
lobe and the splenium of the corpus callosum, were sampled 
by DTI. The size of each ROI on DTI was approximately 
3 to 7 mm3. The apparent diffusion coefficient (ADC) and 
fractional anisotropy (FA) of the ROIs were calculated, 
and three-dimensional DTI maps were constructed. The 
average of the values measured from the bilateral sites 
represented the final data point. 

The MR images,  and MRS and DTI data were 
independently analyzed by two radiologists (W.C. and 
L.L., with 15 years and 6 years of post-training clinical 
experience, respectively), who were blinded to the 
participants’ characteristics.

Cognitive functional assessment of participants

The cognitive function of the study participants was 

https://cdn.amegroups.cn/static/public/QIMS-21-748-Appendix.pdf
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evaluated using the Wechsler Preschool and Primary 
Scale of Intelligence (WPPSI-III) test (2002) for children 
under 6 years of age (the under-6 group) and the Wechsler 
Intelligence Scale for Children (WISC-IV) test (2003) 
for children above 6 years of age (the over-6 group). Two 
physicians (KW and BY, with 1 and 21 years of post-
training clinical experience, respectively) performed the 
cognitive assessments for each participant in cooperation, 
while blinded to their medical history. Both the healthy 
children and the children with ALL completed the baseline 
assessment before treatment, but only the children in the 
ALL group underwent additional evaluation, after MTX 
treatment and ALL remission.

Statistical analysis

Using SPSS software v. 20 (SPSS, Chicago, IL, USA), the 
baseline data (including data from cognitive tests and NAA/
Cr, NAA/Cho, Cho/Cr, FA, and ADC values) of children 
with ALL and healthy controls were compared using 
the two-sample t-test. The baseline and post-treatment 
evaluation data of the children in the ALL group were 
compared using paired t-tests. A statistically significant 
difference was indicated by a P value of less than 0.05. Data 
in this study are reported as the mean ± standard deviation. 
Correlation analysis of MRS data (or DTI parameters) with 

cognitive scores was performed by using a linear regression 
model. The cognitive function of the participants was 
evaluated using the WPPSI-III test [2002] for children 
under 6 years of age and the WISC-IV test [2003] for 
children above 6 years of age. In all statistical analyses 
involving cognitive scores [including analyses of baseline 
data, post-treatment evaluation data, and the correlation 
of MRS data (DTI parameters) with cognitive scores], 
participants were categorized into older and younger groups 
using 6 years of age as the cut-off.

Results

Participant characteristics

Initially, 30 children with ALL (age 6.9±3.3 years, 14 boys) 
who were scheduled for intravenous MTX treatment in 
Shenzhen Children’s Hospital, China, were recruited. The 
intervals between the two MR examinations ranged from 
46 to 49 days, with the median interval being 47 days. 
Participants’ demographic features, baseline cognitive 
performance (before MTX treatment), and initial MRS 
and DTI evaluation parameters are summarized in Table 1.  
The symptoms experienced by the children with ALL 
are listed in Table 2. The demographic characteristics and 
cognitive performance scores of the 30 healthy children (age  

Table 1 Demographic characteristics, baseline cognition, and MRI studies of methotrexate-treated children with acute lymphoblast leukemia and 
healthy controls

Parameters Children with ALL Healthy controls P value

Age 2.6 to 13.3 years 2.6 to 13.2 years 0.22

Younger than age 6 n=12 n=14

Older than age 6 n=18 n=16

Sex

Male n=14 n=14

Female n=16 n=16

Education year 5.7±3.2 6.1±3.2 0.39

Cognitive test

Under age 6 group

Total IQ 96.58±6.28 94.00±8.07 0.38

Verbal IQ 97.25±4.77 95.29±7.87 0.46

Performance IQ 97.25±4.00 94.86±6.57 0.28

Table 1 (continued)
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Table 1 (continued)

Parameters Children with ALL Healthy controls P value

Above age 6 group

Total IQ 97.39±3.93 96.19±2.54 0.30

Verbal comprehension 88.28±3.03 88.50±3.43 0.84

Perceptual reasoning 90.28±4.61 92.19±2.20 0.14

Working memory 102.22±4.83 100.13±4.59 0.21

Processing speed 99.39±3.47 97.75±3.11 0.16

NAA/Cr

Frontal lobe 1.88±0.56 1.92±0.42 0.75

Genu of the corpus callosum 1.76±0.43 1.80±0.34 0.73

Genu of the internal capsule 2.14±0.60 2.09±0.43 0.74

Cho/Cr

Frontal lobe 1.17±0.20 1.15±0.18 0.65

Genu of the corpus callosum 1.21±0.52 1.13±0.34 0.42

Genu of the internal capsule 1.00±0.20 1.00±0.20 0.92

NAA/Cho

Frontal lobe 1.66±0.55 1.71±0.43 0.67

Genu of the corpus callosum 1.66±0.71 1.71±0.52 0.75

Genu of the internal capsule 2.14±0.47 2.11±0.39 0.80

FA

Frontal lobe 0.38±0.06 0.38±0.06 0.85

Genu of the corpus callosum 0.74±0.15 0.71±0.15 0.54

Genu of the internal capsule 0.42±0.13 0.41±0.11 0.75

Occipital lobe 0.60±0.09 0.59±0.08 0.55

Splenium of the corpus callosum 0.59±0.05 0.57±0.05 0.24

ADC

Frontal lobe 0.89±0.08 1.09±1.12 0.33

Genu of the corpus callosum 0.83±0.11 1.25±1.68 0.18

Genu of the internal capsule 0.86±0.07 0.86±0.06 0.81

Occipital lobe 0.75±0.06 0.77±0.06 0.22

Splenium of the corpus callosum 0.77±0.04 0.78±0.05 0.24

Data are presented as the mean ± standard deviation. ALL, acute lymphoblastic leukemia; IQ, intelligence quotient; NAA, N-acetylaspartate; 
Cho, choline; Cr, creatine; FA, fractional anisotropy; ADC, apparent diffusion coefficient.
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6.0±3.1 years, 14 boys) recruited from the hospital’s 
neurological outpatient services department were 
comparable to those of the ALL group at baseline. In the 
under-6 group (12 in ALL group and 14 in control group), 
7 children in the ALL group and 9 healthy controls were 
sedated. Neither the children with ALL nor the healthy 
controls had any abnormal T1WI, T2WI, or restricted 
water diffusion signals. No significant differences were 
observed in the characteristics [age, sex, educational 
years, and intelligence quotient (IQ)], initial MRS or DTI 
parameters, or cognitive scores of the two groups (Table 1).

Abnormal findings on MRI after MTX treatment

After the completion of the MTX regimen, all 30 children 
with ALL achieved hematological remission. One child 
had an abnormal hypointensity signal on T1WI, coupled 
with hyperintensity on T2WI and a restricted water 
diffusion signal on DWI. Another patient had abnormal 
hyperintensity on T2WI and associated hyperintensity on 
DWI (Figure 1A-1H). Seven children (7/30, 23%) displayed 
mild brain atrophy, physiological manifestations of which 
included widening split-brain, reduced brain volume, and 
dilated ventricles (Figure 2A,2B). However, using three-
dimensional DTI stereoscopical technology, the white 
matter fiber bundles were digitally reconstructed. No gross 
abnormalities in the shape or volume of the fiber bundles 
were observed after MTX treatment.

Alteration of brain metabolites on MRS after MTX 
treatment

MRS showed that MTX treatment had altered the brain 
metabolite ratios of children with ALL (Figure 3A-3D). 
In the frontal lobe, the NAA/Cr ratio decreased by 43.6% 
(1.88±0.56 vs. 1.06±0.12; P<0.001), the Cho/Cr ratio 

increased by 22.2% (1.17±0.20 vs. 1.43±0.18; P<0.001), 
and the NAA/Cho ratio decreased by 54.8% (1.66±0.55 vs. 
0.75±0.14; P<0.001). In the genu of the corpus callosum, 
the NAA/Cr ratio decreased by 42.0% (1.76±0.43 vs. 
1.02±0.21; P<0.001), the Cho/Cr ratio increased by 20.7% 
(1.21±0.52 vs. 1.46±0.18; P=0.01), and the NAA/Cho ratio 
decreased by 57.8% (1.66±0.71 vs. 0.70±0.15; P<0.001). 
In the genu of the internal capsule, the NAA/Cr ratio 
decreased by 47.7% (2.14±0.60 vs. 1.12±0.14; P<0.001), the 
Cho/Cr ratio increased by 52.0% (1.00±0.20 vs. 1.52±0.21; 
P<0.001), and the NAA/Cho ratio decreased by 64.5% 
(2.14±0.47 vs. 0.76±0.16; P<0.001). In all three areas, all 
the neurochemical ratios (NAA, Cho, and Cr) changed 
significantly (Figure 3D). The differences between baseline 
and after treatment were larger in the genu of the internal 
capsule than in the other two areas.

Alteration of DTI parameters after MTX treatment

To assess the impact of MTX on the local diffusion features 
of white matter, the difference in the FA values after 
treatment was calculated for the five areas (Figure 4A). In 
the frontal lobe, the FA values after treatment decreased 
by 10.8% (0.38±0.06 vs. 0.34±0.08; P=0.03), and the 
ADC values decreased by 4.7% (0.89±0.08 vs. 0.85±0.07; 
P=0.03). In the genu of the corpus callosum, the FA values 
decreased by 13.2% (0.74±0.15 vs. 0.64±0.15; P=0.01), 
but the ADC values (0.83±0.11 vs. 0.77±0.12; P=0.11) did 
not change. In the genu of the internal capsule, neither 
the FA (0.42±0.13 vs. 0.37±0.14; P=0.08) nor the ADC 
(0.86±0.07 vs. 0.85±0.05; P=0.93) values showed a change 
from baseline. The FA values in the splenium of the corpus 
callosum (0.59±0.05 vs. 0.56±0.15; P=0.30) and the occipital 
lobe (0.60±0.09 vs. 0.57±0.07; P=0.20) did not change 
from baseline, nor did the ADC values in the occipital lobe 
(0.75±0.06 vs. 0.76±0.06; P=0.65). Due to the presence 
of outliers and the small sample, the ADC values in the 
splenium of the corpus callosum were discarded (Figure 
4B,4C). 

Cognitive decline of children with ALL after MTX 
treatment

MTX treatment impaired the cognitive performance of 
children with ALL. After treatment, the under-6 group 
exhibited lower scores for total intelligence quotient 
(IQ) (−6.6%, 96.58±6.28 vs. 90.25±7.12; P=0.002), verbal 
IQ (−6.9%, 97.25±4.77 vs. 90.58±4.78; P=0.003), and 

Table 2 Signs and symptoms of children with acute lymphoblastic 
leukemia (ALL), at diagnosis, as number (N) and percentage (%)

Symptoms N %

Lymphadenectasis 9 30

Skeleton pain 4 13.33

Fever 19 63.33

Hepatosplenomegaly 30 100

Petechial or mucosal bleeding 20 66.67
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Figure 1 MR non-contrast images of a 2-year-old girl with ALL [repetition time/echo time (TR/TE) 1,800/40 ms] at the baseline and 
after MTX treatment. (A) Normal diffusion-weighted image at baseline; (B) T2-weighted image at baseline; (C) T2-weighted FLAIR 
image at baseline; (D) T1-weighted images at baseline; (E) diffusion-weighted image after treatment showing restricted water diffusion and 
hyperintensity in the deep white matter of both cerebral hemispheres (arrowheads); (F) T2-weighted image after treatment showing the 
hyperintensity in the deep white matter of both cerebral hemispheres; (G) T2-weighted fluid-attenuated inversion recovery image showing 
the hyperintensity in the deep white matter of both cerebral hemispheres; (H) T1-weighted image showing no abnormal intensity. MR, 
magnetic resonance; ALL, acute lymphoblast leukemia; MTX, methotrexate; FLAIR, fluid-attenuated inversion recovery.

Figure 2 MR T2-weighted images of a 5-year-old boy with acute 
lymphoblast leukemia [ALL; repetition TR/T 1,800/40 ms] at 
baseline and after MTX treatment. (A) Normal T2-weighted 
image at baseline; (B) T2-weighted image after treatment, showing 
part of the brain fissure widened and deepened, and the bilateral 
lateral ventricles dilated. MR, magnetic resonance; TR/T, time/
echo time; MTX, methotrexate.

performance IQ (−7.0%, 97.25±4.00 vs. 90.42±3.20; 
P<0.001), while the over-6 group displayed lower scores 
for total IQ (−3.1%, 97.39±3.93 vs. 94.39±6.80; P=0.02), 
perceptual reasoning (−3.2%, 90.28±4.61 vs. 87.39±3.16; 
P=0.02), working memory (−9.6%, 102.22±4.83 vs. 
92.44±7.74; P<0.001), and processing speed (−7.7%, 
99.39±3.47 vs.  91.72±6.03; P<0.001). However, no 
difference was observed in verbal comprehension scores 
(88.28±3.03 vs. 87.56±3.20; P=0.30) in the over-6 group 
(Figure 5A). These results indicated that MTX treatment 
led to a prominent reduction in cognitive scores for working 
memory and processing speed.

Relationships of altered MRS and DTI parameters, and 
cognitive decline in children with ALL

Next, the relationships between alterations in brain 
metabolite ratios and DTI parameters and cognitive decline 

A B

A

E

B

F

C

G

D

H



Quantitative Imaging in Medicine and Surgery, Vol 12, No 4 April 2022 2481

© Quantitative Imaging in Medicine and Surgery. All rights reserved.   Quant Imaging Med Surg 2022;12(4):2474-2486 | https://dx.doi.org/10.21037/qims-21-748

were further explored. Separate multiple linear regression 
models were calculated for the over-6 group and the 
under-6 group to predict cognitive decline based on the 
alterations in brain metabolite ratios and DTI parameters. 
The regression was not statistically significant. However, a 
relationship between metabolite ratios and DTI parameters 
was encountered. After MTX treatment, the change in the 
FA values (ΔFA) at the genu of the corpus callosum in the 
over-6 group was correlated with the change in the local 
NAA/Cr ratio (ΔNAA/Cr; r=0.51; P=0.04) (Figure 5B), 
whereas no obvious correlation was found for the under-6 
group. All correlation analyses were corrected by the 
Benjamini and Hochberg (BH) false discovery rate (FDR) 
method.

Discussion

ALL is the most prevalent childhood malignancy, 
accounting for 26.8% of childhood cancers diagnosed 
in developed countries (16). Brain neurotoxicity in ALL 
includes cerebrovascular events, such as infarction and 
haemorrhage, or intracranial cancer cell infiltration (17,18). 
In the past decade, therapeutic strategies have improved 
the survival rate among patients with ALL (19). However, 
neurocognitive development in survivors treated with 
MTX should be carefully monitored due to the risk of 
acute and chronic neurotoxicity caused by this drug (20). 
In the present study, MTX-treated children with ALL 
showed subtle cognitive decline (decreased cognitive 
scores and impaired working memory and processing 

Figure 3 MRS image samples and statistical analysis of the NAA/Cr, Cho/Cr, and NAA/Cho ratios of children with ALL between the 
baseline and after MTX treatment. (A) MRS image acquired from a normal child; (B) MRS image acquired from a child with ALL at 
baseline; (C) MRS image acquired from a child with ALL after MTX treatment; (D) the NAA/Cr, and NAA/Cho ratios in the frontal lobe, 
the genu of the corpus callosum, and the internal capsule all decreased significantly after MTX treatment (n=30), while the Cho/Cr ratios 
in three areas increased significantly after MTX treatment (n=30). *, indicates that the difference between the baseline and post-treatment 
was statistically significant. MRS, magnetic resonance spectroscopy; ALL, acute lymphoblast leukemia; MTX, methotrexate; NAA, 
N-acetylaspartate, Cho, choline, Cr, creatine.
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Figure 4 ROIs on DTI and statistical analysis of the FA and ADC values of children with ALL. (A) The eight ROIs selected for DTI 
parameter evaluation: left and right frontal lobes, genu of the corpus callosum, left and right genu of the internal capsule, left and right 
occipital lobe, and the splenium of the corpus callosum. (B) The FA values of the frontal lobe, genu of corpus callosum, genu of internal 
capsule, occipital lobe, and splenium of corpus callosum of the children with ALL at baseline and after MTX treatment (n=30). After 
treatment, the FA values in the frontal lobe (P=0.03) and the genu of the corpus callosum (P=0.01) were reduced compared to those at 
baseline. (C) The ADC values in the frontal lobe decreased (P=0.03) after treatment (n=30). Due to the presence of outliers and the small 
sample, the ADC values in the splenium of the corpus callosum were discarded. *, indicates that the difference between the measurements 
at baseline and after treatment was significant. ROI, region of interest; FA, fractional anisotropy; ADC, apparent diffusion coefficient; DTI, 
diffusion tensor imaging; ALL, acute lymphoblast leukemia.

speed). Although not all the children with ALL had acute 
symptoms of neurotoxicity (such as confusion, seizure, or 
muscle weakness), their neurocognitive decline did indicate 
neuronal or axonal injury related to MTX treatment. 
The MRI results revealed bilateral abnormalities in deep 
white matter on T1WI or T2WI in 2 children (7%). The 
MRS assessment further revealed considerable changes 
(20–64%) between baseline and after treatment in ALL, 
when compared to cognitive performance (3–9%) or 
DTI parameters (4–13%). Substantial changes in brain 
metabolites were found widely within the frontal lobe, the 
genu of the corpus callosum, and the internal capsule. The 
results of DTI showed a different pattern of alteration, 
with a significant decrease in both the FA and ADC values 
appearing only in the frontal lobe. The white matter of 
the frontal lobe was abnormal in both cellular metabolism 
and axonal integrity. Therefore, MTX treatment may have 
interfered with the microscopic integrity or connectivity of 
white matter in the frontal lobe. 

In the present study, abnormalities detected in the deep 
white matter of the bilateral cerebral hemispheres on 
T1WI and T2WI were consistent with the MR findings 
of leukoencephalopathy reported in another study (2). 
And these abnormalities in MR may resolved 1 year after 
treatment (7). White matter injury is one of the major 

treatment-induced brain defects seen in survivors of 
childhood ALL (4). Our results revealed that 7 MTX-
treated children had mild brain atrophy, which was also 
reported in another study, along with decreased grey and 
white matter volumes in cortical and several subcortical 
brain regions after chemotherapy (4). The MTX-induced 
changes in brain metabolite ratios were consistent with 
those observed in Chu’s study (7). Furthermore, the NAA 
content increased logarithmically with age, while the Cho 
content decreased logarithmically with age (21,22). This 
may indicate that, at a younger age, robust neuronal and 
axonal development and myelin sheathing may be more 
vulnerable to MTX neurotoxicity (23). 

Creatine is a reminder of energy metabolism in brain 
tissue, and its kurtosis is stable compared with peaks of other 
brain metabolites. This experiment therefore chose creatine 
as the reference peak. NAA is related to the synthesis of 
myelin in the developing brains of children, and can also 
repair the axons of the mature brain (24). Therefore, 
the decrease of NAA in the frontal lobe, the genu of the 
internal capsule, and the genu of the corpus callosum 
may have been indicative of a reduction in neurons, or 
some demyelination changes occurring. Considering the 
possible threshold effect, the decrease of NAA that may 
have occurred it has not been shown on the baseline MR 
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at present. Furthermore, the metabolism of choline main 
reminds the metabolism of phospholipid, this may also 
reflect the degradation of myelin products and the integrity 
of myelination (25). An increase in Cho kurtosis may 
indicate demyelinating changes in the brain and gliosis. In 
our study, the increases in Cho in the frontal lobe, the genu 
of the internal capsule, and the genu of the corpus callosum 
may have prompted the increase of myelin degradation 
products in these regions and damage to the myelin sheath. 
According to a logarithmic curve, the content of NAA 
increased with age, while that of Cho decreased, which 

contradicts the MRS results of our study. This may serve as 
further evidence that the changes are caused by treatment. 
Our findings also revealed that the FA values significantly 
decreased at the genu of the corpus callosum after MTX 
treatment and that the reduction in the FA values was also 
correlated with a decrease in the local NAA/Cr ratio. 

Microstructural injury of the genu of the corpus callosum 
might partially cause cognitive decline in the processing 
speed of children with ALL who receive MTX treatment (26).  
The corpus callosum is the largest white matter fiber 
bundle connecting the two cerebral hemispheres. The 

Figure 5 The cognitive performance of children with ALL and the correlations of brain metabolite ratios and DTI parameters. (A) The 
children with ALL displayed significantly reduced cognitive test scores after MTX treatment. The total (P=0.002), verbal (P=0.003), 
and performance IQ scores (P<0.001) all decreased in children aged under 6 years. In children aged over 6 years, the total IQ (P=0.02), 
perceptual reasoning (P=0.02), working memory (P<0.001), and processing speed (P<0.001) scores all decreased, but no change was observed 
in the verbal comprehension score. (B) In the over-6 group (n=18), the reduction in FA value (ΔFA) after MTX treatment was positively 
correlated (r=0.51, P=0.04) with the NAA/Cr ratio reduction (ΔNAA/Cr) in the genu of the corpus callosum. *, indicates that the difference 
between the measurements at baseline and after treatment was significant. FA, fractional anisotropy; ADC, apparent diffusion coefficient; 
DTI, diffusion tensor imaging; ALL, acute lymphoblast leukemia; NAA, N-acetylaspartate; Cr, creatine; IQ, intelligence quotient.
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integrity of the corpus callosum is essential to children’s 
cognitive development (27). During brain development 
and maturation, nerve fiber myelination gradually increases 
the cellular content of the brain and decreases its water 
content (28,29). The developmental changes in the FA and 
ADC values observed in Salat et al.’s study were consistent 
with decreasing diffusivity and increasing anisotropy (30).  
Changes in DTI parameters may indicate that the frontal 
lobe is the brain part that is most vulnerable to MTX 
neurotoxicity (31). At present, researchers have differing 
opinions regarding the brain changes on DTI in various 
periods after chemotherapy for ALL. Some studies (32,33) 
have found that the FA values of brain tissue decrease, 
whereas others (34) have reported that these values increase. 
The cause of the above-mentioned contradictions is still 
unclear. One explanation may be that the integrity of the 
white matter myelin sheath is affected differently in different 
parts of the brain. In the future, more comprehensive and 
time-point research is required to further explore the changes 
in FA and ADC values in MTX-treated ALL.

Our study has the following limitations. Firstly, the 
sample sizes (n=30) of the ALL and healthy control groups 
in this study were small. Secondly, the first MR examination 
for the children with ALL was scheduled for 1 to 3 days 
after complete remission was confirmed. The second 
MR examination was scheduled for at least 46 days after 
the completion of MTX treatment, by which point some 
asymptomatic children may have recovered from MTX-
related leukoencephalopathy and become negative on T1 
WI and T2 WI (3,35). After intensive treatment, there 
might have impacted on the children’s energy levels or 
psychological state, the effect of this on their cognitive 
scores cannot be overlooked. Also, the influence of 
neurodevelopment cannot be ruled out on our results. The 
diffusion tensor has been shown to fail in regions containing 
several fiber populations with distinct orientations. 
Although alternative models have been suggested, each of 
these has inherent limitations, and our study is no exception. 
The evaluation of brain atrophy and three-dimensional 
tele-immersion was based on the radiologists’ subjective 
judgement, without an objective quantitative protocol.

In conclusion, 1H MRS and DTI are able to detect 
changes associated with cognitive outcomes in children with 
ALL after MTX treatment. MRS and DTI might be useful 
for monitoring the effects of MTX neurotoxicity on brain 
metabolism and the microstructure of white matter fibers. 
Baseline MR evaluation, MRS, and DTI have the potential 
to be effective methods for detecting leukoencephalopathy 

in children with ALL after MTX treatment and for 
efficiently monitoring changes in neuroanatomic structure 
and brain metabolism in this group. The prospects of long-
term MR examination follow-up of children with MTX-
treated ALL are favourable. For research purposes, in 
the future, with multiple scoring methods, a systematic, 
comprehensive, and large sample-sized clinical study 
protocol will be desirable.
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Clinical risk classification 

Participants were categorized into three groups, namely: (I) 
standard risk (SR, n=14); intermediate risk (IR, n=13); and 
high risk (HR, n=3), based on age at first diagnosis, total 
number of peripheral white blood cells (WBC), response 
to 7-day prednisone treatment, the translocation of t(4;11) 
and t(9;22), fusion gene detection (MLL/AF4 and BCR/
ABL), and bone marrow remission status on days 15 and 
33. Patients with (i) SR met the following criteria: good 
response to 7-day prednisone treatment; peripheral blood 
immature cells on day 8 <1.0 × 109/L; age ≥1 year and  
<7 years old; WBC <20 × 109/L; induction chemotherapy 
bone marrow M1 (primitive lymphocytes + naive 
lymphocytes) <5% or M2 (primitive lymphocytes + naive 
lymphocytes) between 5% and 25% on day 15; and bone 
marrow M1 on day 33 of induction chemotherapy. Patients 
with (ii) IR met the following criteria: a good prednisone 
response; peripheral blood immature cells <1.0 × 109/L  
on day 8; age <1 year or ≥7 years; WBC ≥20 × 109/L; and 
induction chemotherapy patients with bone marrow M3 
(primitive lymphocytes + naive lymphocytes) > 25% on 
day 15 and M1 on day 33. Patients with (iii) HR met at 
least one of the following criteria: not SR or receiving 
induction chemotherapy; bone marrow M3 on day 15; a 
poor prednisone response; peripheral blood naive cells  
≥1.0 × 109/L on day 8; bone marrow M2 or M3 on day 33; 
or a t(4;11) (MLL/AF4) or t(9:22) (BCR/ABL) abnormality.

Clinical treatment

Children with ALL were treated according to the German 
BFM2002 protocol for acute lymphoblastic leukemia (ALL) 
based on their risk group (SR, IR or HR). The induction 
therapy protocol was as follows: day 1 to day 7 prednisone 
test – prednisone 60 mg/(m2.d), 3 times orally; day 8 to day 28 
dexamethasone 6 mg/(m2.d) taken orally 3 times per day. After 
day 29, the dose of dexamethasone was gradually reduced; 

it was halved every 3 days, to be taken in the morning, with 
the dose reduction to be completed on day 9. Vincristine 
(VCR): 1.5 mg/(m2.d) (≯2 mg/time), intravenous bolus 
on day 8, day 15, day 22, and day 29. DNR 30 mg/(m2.d),  
intravenous bolus maintenance (PI) > 1 h; for SR-ALL, 
DNR × 2, on day 8 and day 15; for IR-ALL, DNR × 4, on 
day 9, day 15, day 22, and day 29. L-ASP: 5000 U/(m2.d),  
PI >1 h, on day 36 and day 64. 6-MP: 60 mg/(m2.d),  
orally, on day 36 to day 63 (for 28 days total), taken 
at night on an empty stomach. Ara-C: 75 mg/(m2.d),  
intravenous bolus, administered in 4 parts, for 4 days 
each time, on day 38 to day 41, on day 45 to day 48, on 
day 52 to day 55, and on day 59 to day 62. Consolidation 
treatment: 6-MP: 25 mg/(m2.d), orally, day 1 to day 
56, taken at night on an empty stomach. Medium dose 
methotrexate (MTX): 200 mg/(m2.d), PI 24 h, once every 
14 days, 4 times in total (day 8, day 22, day 36, and day 50);  
1/10 of the total (200 mg/m2)) to be administered for 
the loading dose. Intravenous drip over 30 min, 9/10 of 
the total (1800 mg/m2) PI 23.5 h. Reinduction therapy: 
dexamethasone – 8 mg/(m2.d), orally, 3 times, on day 1 
to day 21. From day 22 onwards, the dose was gradually 
reduced to stop the drug; it was halved every 3 days, to be 
taken in the morning. VCR: 1.5 mg/(m2.d), intravenous 
bolus (≯2 mg/time), on day 8, day 15, day 22, and day 29. 
DOX: 30 mg/(m2.d), intravenous bolus, over 1 h, on day 
8, day 15, day 22, and day 29. L-ASP: 10,000 U/(m2.d),  
PI>1 h, on day 8, day 11, day 15, and day 18. CTX: 1 g/(m2.d),  
PI>1 h, on day 36. Ara-C: 75 mg/(m2.d), intravenous bolus, 
with 2 courses of treatment, each course for 4 days, on 
day 38 to day 41 and on day 45 to day 48. 6-MP: 60 mg/
(m2.d), on day 36 to day 49 (14 days), taken orally at night, 
in a fasted state, with milk. Consolidation treatment was 
mainly given through intravenous or intrathecal injection 
of various doses of methotrexate (IV-MTX and IT-MTX, 
respectively). After bone marrow aspiration was carried 
out, no obvious abnormality was found by routine MRI 
examination.
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