Moustafa et al. Egypt J Radiol Nucl Med (2024) 55:6
https://doi.org/10.1186/543055-023-01173-z

Egyptian Journal of Radiology
and Nuclear Medicine

Diffusion tensor imaging of brain changes

®

Check for
updates

in patients with chronic kidney disease
before cognitive impairment with 3T MR

device

Sherif Abdel Fattah Moustafa', Dina Abd Elnasser Rizk?’, Lamiaa Galal El Serougy’,

Mohamed El Said El Azab? and Wessam Mustafa’

Abstract

and altered white matters.

Mean diffusivity

Background Patients with chronic kidney disease (CKD) are at risk of a many of central nervous system com-
plications such as stroke and cognitive impairment. Studies based on diffusion tensor imaging (DTI) confirmed

that the integrity of white matter in CKD patients has changed and these alterations can be observed before tissue
morphological changes occurring on conventional MRI. Early use of DTl in CKD patients can distinguish early individu-
als with normal cognitive system function and will develop cognitive impairment in later stages.

Results As compared with controls, patients with CKD showed increased MD and decreased FA values in differ-
ent brain regions with frontal, parietal regions and genu of corpus callosum more affected more than the occipital
regions. For combined FA and MD in differentiating cases with CKD, there was statistically significant difference

in both thalami, internal capsule, CC, cingulum, ILF and CST as p value <0.05.

Conclusions DTl with fiber tractography can present the mainstay of imaging in evaluating the white matter integ-
rity in CKD patient has normal conventional MRI with better diagnostic accuracy in differentiation between healthy
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Background

Chronic kidney disease (CKD) affects 0.1% of the general
population [1]. It occurs when the abnormality in the kid-
ney function or structure lasts more than 3 months with
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GFR less than 60 mL/min [2].

Patients with CKD are at risk of a many of central
nervous system complications such as stroke, cognitive
impairment and encephalopathy [3, 4].

Cognitive impairment affects the quality of life of
patients with CKD [5]. It can be reflected by neuroim-
aging abnormalities caused by different degrees of neu-
rological injury [6]. Because CKD may cause axonal
degeneration, demyelination or loss of axon [8], most of
the neuroimaging studies focused on the abnormal struc-
ture of white matter [7].
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In recent years, studies based on diffusion tensor imag-
ing confirmed that the integrity of white matter in CKD
patients has changed [9] and these alterations can be
observed before tissue morphological changes occurring
on conventional MRI [10].

DTI-derived indices (FA and MD) as well as fiber trac-
tography can reflect the integrity of the fiber bundle [11]
and white matter tracts in addition to localization of
white matter damage to specific brain regions [12]. So,
early use of DTI in CKD patients can distinguish early
individuals with normal cognitive system function and
will develop cognitive impairment in later stages [10].

These study aims to evaluate the ability of DTI to
detected brain changes in CKD patients before develop-
ment of neurological manifestations and abnormalities
on conventional MRL

Material and methods

Patients

The current study was approved by the local ethics com-
mittee, and each participant provided informed con-
sent. A total of 170 participants were enrolled in this
study from August 2021 to May 2023: 150 patients who
had CKD and 20 control healthy participants. Patients
(n=50) with the following criteria were included: (1) no
apparent neurological or psychological manifestations
in patients with chronic kidney disease, either non-end-
stage (NES-CKD) or end-stage renal disease (ESRD)
(Table 1), and (2) no evident white matter abnormali-
ties on conventional MRI. They were 34—-74 years old
(median age=57.5 years). Patients (»=100) with appar-
ent conventional MRI abnormalities were excluded.

Table 1 Sociodemographic and laboratory data in CKD versus

control

Characteristic CKD group Control group  p-value
N=50 N=20

Sex

Male 34 (80%) 14 (70%) 0.506

Female 16 (20%) 6 (30%)

Age (years)

Mean 57.1 53 0.259

Standard deviation 12.5 12.7

Serum creatinine (mg/dl)  2.65(1.1-8.88)  0.85 (0.6-1.0) <0.001

eGFR ml/min/1.73 m? 255 (6-74) 107 (92-134) <0.001

Hemoglobin (g/dl) 109 (8-15.7) 12 (9-14) 0.005
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MRI technique
A 3 T MR scanner (Ingenia; Philips Healthcare Medical
Systems, veenpluis, Netherlands) was used to collect the
imaging data. To rule out anatomical brain lesions, the
standard MR sequences (T1WI, T2WTI and FLAIR) were
employed for imaging in each participant. Axial, coronal
and sagittal planes were the various imaging planes used.
A single-shot EPI sequence with a repetition time of
2950 ms and an echo duration of 70 ms, an image matrix
of 128 x 128, a field of view of 235 and a b value of 1000
mm?/s was used to acquire the DTL

Images post-processing

The DICOM standard was used to store every image. Ini-
tially, DTI data registration was done automatically. Later,
fiber tracking with sophisticated tools was initiated. In
addition to 3D fiber tractography maps, the eigenvalues
of the CC, CST, cingulum, internal and exterior capsules
were calculated and bilaterally assessed using the relevant
region of interest (Figs. 1, 2, 3 and 4).

Statistical analysis

Data were entered and analyzed using IBM-SPSS soft-
ware. The Chi-square test was used to assess the asso-
ciation between two nominal variables. The independent
samples t-test was used to compare normally distributed
quantitative data between two groups. The Mann—Whit-
ney U-test was used, and results were considered as sta-
tistically significant if p value <0.050. ROC curve was
used to find the cutoff value that best discriminates dis-
eased from non-diseased. An area under the ROC curve
was reported (AUC). Appropriate charts were used to
graphically present the results whenever needed.

Results

This study was conducted on 170 people, including 150
patients suffering from chronic kidney disease without
cognitive impairment and 20 healthy people. In total,
100 patients were excluded from completing the study
because they had abnormal white matter on FLAIR and
T2WI and the study was completed only on 20 healthy
people and 50 patients who had normal white matter
on conventional MRI. The patient group included 34
males and 16 female patients with CKD (their median
age=57.5 years). Their median serum creatinine was
2.65 mg/dl, ranging from 1.1 to 8.8 mg/dl, and their
median eGFR was 25.5 ml/min/1.73 m? ranging from
6 to 74 ml/min/1.73 m? The control group consisted of
20 healthy individuals. Their median serum creatinine
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Fig. 1 In a 45-year-old healthy female, laboratory investigations revealed normal serum creatinine 0.8 mg/dl [4]. A FLAIR image shows no abnormal
SI. B, C axial FLAIR colored image with DTI: (B) of right and left frontal lobes shows normal FA and MD values at both sides (FA=0.40, MD=0.82)

and (FA=0.42, MD=0.86), respectively. C of right and left parietal lobes with normal FA and MD values at both sides with (FA=0.42, MD=0.71)

and (FA=0.42, MD=0.70), respectively. D to | Sagittal FLAIR images with DTT: D normal body of CC shows normal FA and MD values and number

of fibers with (FA=0.41, MD=0.86, no. of fibers=9200), E normal genu and splenium of CC show normal FA and MD values and number of fibers
with (FA=0.45, MD=0.81, no. of fibers=2756) and (FA=0.42, MD=0.87, no. of fibers 2500), F right and left CST shows normal FA and MD values

and number of fibers with (FA=0.52, MD=0.80, no. of fibers=21,832) and (FA=0.51, MD=0.87, no. of fibers =22,950), respectively, G normal inferior
longitudinal fasciculus shows normal FA and MD values and numbers of fibers (FA=0.42, MD=0.79. no. of fibers=20,850), H cingulum with normal
FA and MD values (FA=0.40, MD=0.73, no. of fibers=5965) and | uncinate fasciculus with normal FA and normal MD values (FA=0.44, MD=0.73, no.
of fibers=20,550)

was 0.85 mg/dl, ranging from 0.6 to 1.0 mg/dl, and significantly higher, and both eGFR and hemoglobin were
their median eGFR was 107 ml/min/1.73 m? ranging statistically significantly lower in CKD cases vs. control
from 92 to 134 ml/min/1.73 m? as illustrated in Table 1  subjects.

which showed that serum creatinine was statistically
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Fig. 2 A 54-year-old male patient suffered chronic kidney diseases, and laboratory investigations revealed high serum creatinine 4.9 mg/dl. A
FLAIR image shows no abnormal SI. B-D Axial FLAIR colored images with DTI: B right and left parietal lobes show decreased FA values and normal
MD values with (FA=0.35, MD=0.85) and (FA=0.37, MD=0.86), respectively, C right and left temporal lobes show decreased FA value and at the
right side, normal FA value at left side and normal MD values at both sides (FA=0.34, MD=0.80) and (FA=0.47, MD =0.86), respectively, and D right
and left frontal lobes show decreased FA and normal MD values and no. of fibers at both sides (FA=0.37, MD=0.73) and (FA=0.34, MD =0.70),
respectively. E-1 Sagittal FLAIR colored images with DTT: E genu and splenium of CC show increased MD value at splenium, normal MD value

at genu and normal FA values at both of them (FA=0.47, MD=0.88, no. of fibers=2560) and (FA=0.45, MD=1.02, no. of fibers 1590, respectively).
F Body of CC with normal FA values and increased MD values, with (FA=0.45, MD=0.99, no. of fibers=3270), G normal right and left CST shows
normal FA and MD values with (FA=0.40, MD=0.79, no. of fibers =2200) and (FA=0.42, MD=0.80, no. of fibers =2580), respectively. H normal
inferior longitudinal fasciculus shows normal FA and MD values and no. of fibers (FA=0.52, MD=0.71, no. of fibers 2650), I normal cingulum

with normal FA and MD values (FA=0.48, MD=0.62, no. of fibers 1725)

There is a significant difference between CKD
patients and controls in the measurement of means
of FA and MD (10~ mm?/s) in different brain lobes
(Figs. 5, 6, 7 and 8), thalami, internal capsules and
corpus callosum (Figs. 9 and 10), as p value<0.05 and
demonstrated in Tables 2 and 3. The median of FA val-
ues in the four brain lobes was significantly lower than

controls while that of MD values was higher compared
to the controls tables (Tables 2 and 3).

The median of MD values in the right frontal lobe was
0.895 (range 0.73-1.14), left frontal was 0.900 (range
0.76-1.02), right parietal was 0.805 (range 0.73-0.91), left
parietal was 0.840 (range 0.75-1.03), right temporal was
0.830 (range 0.73-1.1), left temporal was 0.870 (range
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Fig. 3 A 59-year-old female patient suffered chronic kidney diseases, with laboratory investigations revealed high serum creatinine 4.6 mg/dl. A
FLAIR image shows no abnormal SI. B-D Axial FLAIR colored image with DTI. B right and left frontal lobes shows decreased FA values at both sides,
increased MD values at both sides (FA=0.38, MD=0.95) and (FA=0.36, MD=0.94), respectively. C Right and left parietal lobes with decreased FA
value at both sides, increased MD value at the right side and normal MD values are noted at left side with (FA=0.29, MD=0.90) and (FA=0.35,
MD=0.84), respectively. D Right and left temporal lobes showed decreased FA value at both sides, increased MD value at the right side, normal MD
value at left side with (FA=0.36, MD=0.90) and (FA=0.29, MD=0.83), respectively

0.77-1.1) right occipital region was 0.990 (range 0.83—
1.50) and left occipital lobe was 0.935 (range 0.12—1.30)
(Table 2).

The median of FA value in right frontal lobe was 0.355
(range 0.23-0.42), left frontal was 0.350 (range 0.24—
0.42), right parietal was 0.350 (range 0.28-0.41), left pari-
etal was 0.360 (range 0.25/0.40), right temporal was 0.365
(range 0.29-0.43), left temporal was 0.365 (range 0.29-
0.43), right occipital was 0.350 (range 0.28-0.43) and left
occipital lobe was 0.360 (range 0.24—0.42) (Table 3).

Discussion
It is frequently seen that neurological impairment occurs
in people with chronic kidney disease (CKD). Because
cognitive dysfunction is so common, this neurodegen-
eration is strongly associated with microstructural dam-
age to the brain’s white matter. Nonetheless, it is still
unknown how precisely cognitive system developmental
abnormalities are caused [11].

This study was conducted on healthy peoples and
CKD patients who did not show symptoms of cognitive
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Fig. 4 Sagittal T2 colored images with DTT in same patient. A Body of corpus callosum with (normal FA=0.451, increased MD=1.03

and normal number of fibers 9570). B Genu and splenium of corpus callosum show thinning of tracts of the genu in comparison with the tracts
of the splenium with (FA=0.366, MD=0.903, no. of fibers=497) and (FA=0.463, MD=0.964, no. of fibers=3021, respectively). C Right and left
CST show mild thinning of left CST in comparison with the right one with (FA=0.458, MD=0.959, no. of fibers=2250) and (FA=0.428, MD=0.120,
no. of fibers=1520), respectively. D Inferior longitudinal fasciculus shows (FA=0.468, MD =0.848, no. of fibers=950). E Sagittal DTT image

of the cingulum showed normal tract with (FA=0.431, MD=0.792 and number of fibers =850)

impairment and have normal conventional MRI, and
imaging data were acquired on a 3 T MR scanner. The
results were compared with previous studies that were
based on CKD patients who suffer from cognitive impair-
ment. Their studies used 1.5 T scanner, and the results
are taken as a reference for us.

The microstructural arrangement of the white mat-
ter in the brain can be examined by DTI [13]. The

characteristic of our work is the variations in DTI
parameters in several brain areas in both CKD patients
and control individuals. The degree of anisotropy in tis-
sues that reflects the integrity of the fiber bundle can
be evaluated using fractional anisotropy, or FA. There
is more diffusion anisotropy when the FA value is larger
[14]. Mean diffusivity (MD), independent of disper-
sion direction, can represent the resistance of the entire
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Fig. 7 ROC curves was performed to study the significant cutoff values of FA discriminating between CKD and healthy control cases showed
that the best significance being at right occipital (A) and left frontal regions (B) (cutoff value <0.43 and 0.41). Significant predictive power of FA
showing AUC 0.973 and 0.983, p value <0.001, 100% and 93.3% sensitivity, and 95% and 90% specificity), respectively
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Fig. 8 Roc curves was performed to study the significant cutoff
values of MD discriminating between CKD and healthy control cases
showed that the best significance being at right occipital region
cutoff value > 0.79. Significant predictive power of MD within right
occipital region showing AUC 0.993, p value <0.001, 100% sensitivity,
95% specificity

molecule. More free water molecules are present in the
tissue when there is a larger MD brought on by modifi-
cations in the white matter architecture [15].

Previous DTI-based studies have found that CKD
patients who suffer from cognitive impairment have
abnormal WM integrity in multiple WM tracts in the
corpus callosum (CC), anterior thalamic radiation
(ATR) and inferior longitudinal fasciculus (ILF) due to
the toxic effect of CKD itself [16].

The metabolic disorders and toxic effect of CRD
caused by uremia or dialysis may be the major factor
for the alteration of the DTT indices in the corpus callo-
sum and other white matter tissues which result in cog-
nitive dysfunction. The decrease in FA may suggest the
axonal degeneration or demyelination caused by CRD,
and the increase in the diffusivity indices may reflect
the loss of axon and myelin [17].

This idea was made clear in this study, which showed
that fronto-parietal regions and corpus callosum were
the most affected WM tract followed by thalami and ILF.
The median FA demonstrated a statistically significant
reduction in the cases with CKD in comparison with the
control subjects in the following regions: fronto-parietal
regions, genu of CC, anterior limb of internal capsules
as well as caudate nuclei. The median MD values were
increased compared to controls in the following regions:
corpus callosum including genu, body and splenium
mainly, occipital and frontal regions with fronto-parietal
region predominance. This aligns with study by Drew
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Fig. 9 ROC curve demonstrates that A genu of CC cutoff value <0.43 and showed also significant predictive power of FA with (AUC 0.977, p
value <0.001), 93.3 sensitivity, 95% specificity, B, C also body and splenium of corpus callous MD (cutoff value >0.89 and 0.90) showed significant
predictive power (AUC 0.993 and 0.975, p value <0.001, 96.7% and 100% sensitivity, and 95% and 90% specificity, respectively)
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Fig. 10 ROC curve demonstrates that the right CST (FA) at a cutoff
value >0.45 is a statistically insignificant discriminator of CKD vs.
healthy control (AUC=0.516, p value=0.862)

et al. [14] who demonstrated that patients with CKD
showed reduced FA and increased MD values particu-
larly in the fronto-temporal regions among CKD patients
in comparison with control subjects indicating more iso-
tropic diffusion owing to WM abnormalities.

According to Jiang et al. [16], the anterior limb of the
internal capsule, specifically, was found to have abnor-
mal white matter microstructure in CKD patients, as evi-
denced by decreased white matter fractional anisotropy

and increased mean diffusivity. Also, we noted that the
anterior limb of internal capsule is affected in about 60%
of patients.

Steinbach et al. [18] reported that the corpus cal-
losum plays a basic role in cognitive functions and
reduced FA within the body of the corpus callosum was
noted in CKD patients. Guo et al. [19] mentioned that
FA values have decreased in CKD patients and more
evident in the frontal regions including the fornix and
genu of corpus callosum that develops gradually with
the course of CKD. These studies are in line with our
study stating that FA was reduced in body of CC in 67%
of patients. In the region of CC, FA value in the genu
of corpus callosum was 0.380 (0.33-0.46), body of CC
was 0.40 (0.37-0.48) and splenium of CC was 0.420
(0.36-0.49) that was significantly lower than the con-
trol group.

FA in cingulum and internal capsule was reduced
according to Chen et al. [20]. FA decreased and MD
increased in the internal capsule and thalami compared
with that of the control group regarding Zhang et al. [21].
This aligns our study in which FA was reduced in cingu-
lum in 50% of patients, posterior limb of internal capsule
in 20% of patients, left thalami in 30% of patients and
right in 3% of patients.

Some specific white matter tracts such as the CST and
ILT showed decreased FA and increased MD [20]. These
results match our study in which left CST affected in 50%
of patients and ILF in 25% of patients.
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Table 2 Comparison of MD findings between CKD patients and control

MD measurement Median (minimum-maximum) Median difference p-value
Control CKD HLE 95% Cl

Frontal lobe

Right 0.740 (0.66-0.82) 0.895 (0.73-1.14) -0.15 -02t0-0.1 <0.001

Left 0.760 (0.66-0.89) 0.900 (0.76-1.02) -0.14 —0.18t0—-0.10 <0.001

Temporal lobe

Right 0.745 (0.66-0.89) 0.830(0.73-1.10) —-0.09 —-0.13t0—0.05 <0.001

Left 0.780 (0.63-0.88) 0.870(0.77-1.13) -0.09 -0.13t0—-0.06 <0.001

Parietal lobe

Right 0.755 (0.63-0.86) 0.805 (0.73-0.91) -007 -0.10t0—0.03 <0.001

Left 0.690 (0.62-0.90) 0.840 (0.75 t01.03) -0.14 -0.18t0-0.11 <0.001

Occipital lobe

Right 0.700 (0.63 t0 0.89) 0.990 (0.83 t01.50) -0.30 —-039t00.24 <0.001

Left 0.750 (0.61 to 0.90) 0.935(0.12 to 1.30) -0.19 -0.25t00.13 <0.001

Corpus callosum

Genu 0.790 (0.66 to 0.93) 0.930(0.81t0 1.17) -0.14 -0.18t0-0.10 <0.001

Body 0.820 (0.74 to 1.03) 0.995 (0.87 to 1.59) -0.17 -0.241t0—-0.13 <0.001

Splenium 0.880 (0.75 to 1.05) 1.105 (0.94 to 1.40) -022 -030to-0.16 <0.001

CST

Right 0.790 (0.68 to 0.89) 0.830 (0.70 t0 0.98) -0.06 —-0.10t0—-0.02 0.002

Left 0.785 (0.66 to 0.90) 0.895 (0.81 to 1.20) -0.14 —-0.181t0 0.09 <0.001

Cingulum 0.700 (0.63 t00.86) 0.845 (0.70 to 0.98) -0.11 —-0.16 to—0.07 <0.001

ILF 0.770 (0.62 to 0.88) 0.885 (0.78 t0 0.98) -0.125 -0.17t0-0.10 <0.001

Table 3 Comparison of FA findings between CKD patients and control

FA measurement Median (minimum-maximum) Median difference p-value
Control CKD HLE 95% Cl

Frontal lobe

Right 0455 (0.38-0.55) 0.355(0.23-0.42) 0.12 0.09t00.15 <0.001

Left 0.465 (0.40-0.53) 0.350 (0.24-0.42) 0.11 0.08t00.13 <0.001

Temporal lobe

Right 0445 (0.35-0.56) 0.365 (0.22-0.43) 0.09 0.06t00.11 <0.001

Left 0420 (0.35-0.50) 0.365 (0.29-043) 0.06 0.04 t0 0.09 <0.001

Parietal Lobe

Right 0.400 (0.35-0.46) 0.350 (0.28-0.41) 0.06 0.05t0 0.09 <0.001

Left 0410 (0.37-0.49) 0.360 (0.25-0.40) 0.06 0.04t0 0.08 <0.001

Occipital lobe

Right 0.515(0.35-0.58) 0.350 (0.28-0.43) 0.016 0.13t00.18 <0.001

Left 0.500 (0.35 to 0.56) 0.360 (0.24 t0 0.42) 0.14 0.11t00.16 <0.001

Corpus callosum

Genu 0470 (04210 0.57) 0.380 (0.33 t0 0.46) 0.09 0.07t00.11 <0.001

Body 0455 (0.36 to 0.50) 0420 (0.37 to 0.48) 0.04 0.0210 0.06 0.001

Splenium 0495 (0.38t0 0.57) 0420 (0.36 t0 0.49) 0.07 0.05t00.10 <0.001

ST

Right 0.510 (0.40 to 0.60) 5(0451t00.59) 0.00 —0.03t00.03 0.926

Left 0.550 (0.45 to0 0.63) 0.500 (0.38 t0 0.55) 0.06 0.03t00.10 <0.001

Cingulum 0415 (0.38 t0 0.49) 0400 (0.31 to 0.49) 003 0.011t00.05 0.008

ILF 0.460 (0.38 to 0.55) 0(0.35t0 049) 0.05 0.02t0 0.07 0.001
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We noticed in this study that using 3 T MRI in our
work gave the same results as other research that used
1.5 T MRL

We have faced some limitations in this study. First, the
study was based only on CKD patients who do not have
symptoms of cognitive impairment. If also included those
with symptoms of cognitive impairment, it would be bet-
ter in term of final results. Second, there is no follow up
of the patients, so we do not know whether they showed
symptoms on cognitive impairment or not in the future.
Third, we did not compare the degree of changes in DTI
parameters with the severity of CKD, and in the future,
patients with different stages of CKD should be included
to explore the correlation between disease progression
and white matter changes.

Conclusions

DTI with fiber tractography present a promising
advanced technique in evaluating white matter integrity
among neurologically normally apparent CKD patients.
Altered DTI parameter and DTT can predict the occur-
rence of cognitive impairment in the future with an
acceptable rate. Using a 3 T MRI scanner gives the same
results as using a 1.5 T MRI scanner.
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