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Association between enhanced 
carbonyl stress and decreased 
apparent axonal density 
in schizophrenia by multimodal 
white matter imaging
Shuraku Son 1, Makoto Arai 2, Kazuya Toriumi 2, Christina Andica 3, Daisuke Matsuyoshi 4,5, 
Koji Kamagata 3, Shigeki Aoki 3, Takahiko Kawashima 1, Takanori Kochiyama 6, 
Tomohisa Okada 7, Yasutaka Fushimi 8, Yuji Nakamoto 8, Yuko Kobayashi 1, Toshiya Murai 1, 
Masanari Itokawa 2 & Jun Miyata 1*

Carbonyl stress is a condition featuring increased rich reactive carbonyl compounds, which facilitate 
the formation of advanced glycation end products including pentosidine. We previously reported the 
relationship between enhanced carbonyl stress and disrupted white matter integrity in schizophrenia, 
although which microstructural component is disrupted remained unclear. In this study, 32 patients 
with schizophrenia (SCZ) and 45 age- and gender-matched healthy volunteers (HC) were recruited. 
We obtained blood samples for carbonyl stress markers (plasma pentosidine and serum pyridoxal) 
and multi-modal magnetic resonance imaging measures of white matter microstructures including 
apparent axonal density (intra-cellular volume fraction (ICVF)) and orientation (orientation 
dispersion index (ODI)), and inflammation (free water (FW)). In SCZ, the plasma pentosidine level was 
significantly increased. Group comparison revealed that mean white matter values were decreased 
for ICVF, and increased for FW. We found a significant negative correlation between the plasma 
pentosidine level and mean ICVF values in SCZ, and a significant negative correlation between the 
serum pyridoxal level and mean ODI value in HC, regardless of age. Our results suggest an association 
between enhanced carbonyl stress and axonal abnormality in SCZ.

Carbonyl stress is a state caused by increased rich reactive carbonyl compounds (RCOs)1, which facilitate the for-
mation of advanced glycation end products (AGEs), including pentosidine. AGEs have been associated with not 
only various age-related illnesses, such as cardiovascular events2, heart failure3, and Alzheimer’s-type dementia4, 
but also schizophrenia5. Enhanced carbonyl stress, reflected on high plasma pentosidine and low serum pyridoxal 
(a measurable vitamin B6 in equilibrium with pyridoxamine, a scavenger one) levels, has been reported in about 
20% of patients with schizophrenia5. For this sub-population, a novel treatment using pyridoxamine, a kind of 
vitamin B6, is expected to reduce carbonyl stress effectively6.

Diffusion tensor imaging (DTI) is a magnetic resonance imaging (MRI) method commonly used for exam-
ining human white matter, and white matter alteration in schizophrenia has been frequently reported7–12. The 
underlying microstructural pathology is unclear, together with inconsistent postmortem findings8,13,14. However, 
we previously reported that enhanced carbonyl stress was associated with reduced white matter fractional ani-
sotropy (FA, a general measure of white matter integrity) in schizophrenia15.
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The latest in-vitro studies reported that glyoxalase 1 (GLO1), an essential enzyme for detoxifying RCOs, 
-knockout iPS cells exhibited impaired neurospheres and shortened neurites (= axon + dendrite)16 related to 
mitochondrial dysfunction17. Additionally, one postmortem study revealed that a schizophrenia case with GLO1 
frameshift gene mutation showed curved and frizzy neurites18. Another in-vitro study demonstrated that cul-
tivation of dorsal root ganglion cells with reduced pyridoxal levels decreased myelination and increased AGE 
levels19. Yet another postmortem study revealed AGE deposits in the cytoplasm of neurons as well as decreased 
myelin density in a schizophrenia patient’s brain20. Thus, it is still unclear whether axon or myelin is associated 
with carbonyl stress.

DTI assumes a widely used one-compartment ellipsoid model for water diffusion in MRI voxels, but it has not 
been sufficiently established to be equivalent to white matter microstructural histopathology. Free water imaging 
(FWI) models water diffusion by two compartments of tissue (intra- and extra-neurite) and CSF/edema spaces21, 
with the latter having been used as a surrogate marker of inflammatory change22. The Neurite Orientation Dis-
persion and Density Imaging (NODDI)23 models three compartments—intra-neurite (neurite = dendrite and 
axon), extra-neurite (space defined by membranes of somas and glial cells), and cerebrospinal fluid (CSF/edema) 
compartments. Combining these multiple modalities of different characteristics enables the microstructural 
breakdown of the white matter histopathology of schizophrenia.

In this study, we aimed to investigate which white matter microstructure is associated with enhanced carbonyl 
stress in schizophrenia using advanced multimodal MRI measures. We hypothesized that enhanced carbonyl 
stress in schizophrenia was related to the disruption of axons mediated by inflammatory change as was also 
assumed in our previous DTI study15.

Results
Demographics and clinical data.  Details of the demographic and clinical data are shown in Table 1. Age 
and gender did not differ between groups.

Group differences of carbonyl stress markers (Table 1, Fig. 1A).  We compared plasma pentosidine 
and serum pyridoxal between groups, with a significance level of P < 0.025 (= 0.05/2 carbonyl stress markers). 
Compared with the healthy (HC) group, the schizophrenia (SCZ) group had a significantly higher plasma pen-
tosidine level, while there was no significant difference in the serum pyridoxal level.

Group differences in white matter measures (Fig. 1B).  We also compared mean values of FA, free-
water index of FWI (FW), and orientation dispersion index (ODI) and intracellular (intra-neurite) volume frac-
tion (ICVF) of NODDI between groups, with a significance level of P < 0.0125 (= 0.05/4 white matter measures). 
Mean FA and ICVF were significantly decreased (FA: r (effect size of Mann–Whitney U) = − 0.398, P < 0.001, 
ICVF: r = − 0.439, P < 0.001), whereas those of free FW were increased (r = − 0.306, P = 0.007) in SCZ. We found 
no group differences in ODI (r = − 0.032, P = 0.780).

Correlation between carbonyl stress markers and white matter measures (Fig. 2).  To assess 
the association between carbonyl stress and white matter, Spearman’s simple rank correlation analyses between 
carbonyl stress markers (pentosidine and pyridoxal) and white matter measures (FA, FW, ODI, and ICVF) were 
performed in each of the groups. The significance level was P < 0.0031 (= 0.05 divided by 2 groups, 2 carbonyl 
stress markers, and 4 white matter measures).

Table 1.   Demographic and clinical data in healthy and patient groups. All data are shown as median values 
[IQR]. PANSS Positive and Negative Syndrome Scale, tSNR temporal signal-to-noise ratio. a Mann-Whitney 
U test. b χ2. c chlorpromazine (CP) equivalent was calculated according to the Practice Guidelines for the 
Treatment of Schizophrenia Patients. *P < 0.001.

Schizophrenia Control Effect size (r, Cramer’s V) P value

N 32 45

Age 43.0 [21] 40.00 [11] − 0.124 0.277a

Gender (male/female) 20/12 21/24 0.156 0.170b

Pentosidine (µg/ml) 0.049 [0.022] 0.037 [0.014] − 0.496  < 0.001a*

Pyridoxal (ng/ml) 6.90 [6.18] 9.00 [6.95] − 0.136 0.232a

Age at onset 22.00 [13] – –

Duration of illness (years) 18.00 [16] – –

CP equivalentc (mg/day) 550.00 [503.75] – –

PANSS positive 13.50 [8] – –

PANSS negative 19.50 [8] – –

PANSS general 30.00 [17] – –

tSNR 23.30 [3.28] 23.24 [2.31] 0.836a
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Figure 1.   Dot plots of carbonyl stress markers and white matter measures. Dot plots of (A) pentosidine and 
pyridoxal, (B) fractional anisotropy (FA) of Diffusion Tensor Imaging (DTI), free water (FW) of free water 
imaging (FWI), and orientation dispersion index (ODI), intra-cellular volume fraction (ICVF) of Neurite 
Orientation Dispersion and Density Imaging (NODDI) in the schizophrenia (SCZ) and healthy control (HC) 
groups are indicated. Median values of A) plasma pentosidine level (SCZ: 0.049 µg/ml, HC: 0.037 µg/ml,), serum 
pyridoxal level (SCZ: 6.900 ng/ml, HC: 9.000 ng/ml), (B) FA (SCZ: 0.467, HC: 0.477), FW (SCZ: 0.184, HC: 
0.180), ODI (SCZ: 0.235, HC: 0.233), ICVF (SCZ: 0.566, HC: 0.585) are indicated by lines.
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Figure 2.   ((A)-left) The healthy controls (HC) showed significant negative correlation between serum pyridoxal and 
orientation dispersion index (ODI), but in (A)-right) the result disappeared after controlling for age and gender. ((B)-left) 
LHC did not show significant correlation between plasma pentosidine and ODI, but in (B)-right) the negative correlation 
disappeared after controlling for age and gender. (C)-left) The schizophrenia (SCZ) group showed a significant negative 
correlation between plasma pentosidine and intra-cellular volume fraction (ICVF), but in (C)-right) the result disappeared 
after controlling for age, gender, and medication. Red circle markers (●) represent SCZ subjects and blue square markers (■) 
represent HC subjects. To aid visualization, Spearman’s rank orders are shown on both the X and Y axes. The regression line 
is shown in each graph. Significant results are indicated by filled markers (●, ■) and solid regression lines (—, —), and non-
significant results are indicated by open markers (○, □) and broken lines (---, ---). (D) The scatter plot matrix of HC. Other 
than the significant correlations between serum pyridoxal and ODI shown above, we found significant negative correlations 
between age and ODI and significant group difference of ODI between male and female. (E) The scatter plot matrix of SCZ. 
No other significant correlations were found than between plasma pentosidine and ICVF as shown above.
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Because age, gender, and antipsychotic medication are known to affect carbonyl stress markers15,24–31 and 
white matter measures32–36, we also performed Spearman’s partial correlation analyses using these as control 
variables, with the same significance level (P < 0.0031).

We found a significant negative correlation between serum pyridoxal and ODI in HC without controlling 
for age and gender (Spearman’s ρ =  − 0.504, P < 0.001, Fig. 2A-left), which became non-significant at a corrected 
level after controlling for these variables (Spearman’s ρ = − 0.310, P = 0.043, Fig. 2A-right). While we did not find 
significant correlation between plasma pentosidine and ODI in HC by the simple correlation analysis (ρ = − 0.201, 
P = 0.186, Fig. 2B-left), we did find a significant negative correlation between them after controlling for age and 
gender (ρ = − 0.448, P = 0.003, Fig. 2B-right). A significant negative correlation between plasma pentosidine and 
ICVF in SCZ was found without controlling age, gender, and medication (ρ = − 0.593, P < 0.001, Fig. 2C-left), 
which turned into a trend level after their control (ρ = − 0.503, P = 0.005, Fig. 2C-right). No other significant 
correlations were found.

To clarify the effects of age, gender, and medication, we exhaustively performed simple Spearman’s rank corre-
lations between serum pyridoxal, plasma pentosidine, ODI, age, and gender in HC (Fig. 2D), and between plasma 
pentosidine, ICVF, age, gender, and medication in SCZ (Fig. 2E). The significance level was set at P < 0.0025 
(= 0.05 divided by 5C2 and 2 groups). Other than the above-reported significant simple correlations between 
serum pyridoxal and ODI in HC and between plasma pentosidine and ICVF in SCZ, we found a significant nega-
tive correlation between age and ODI (ρ = 0.575, P < 0.001), and a significant group difference of ODI between 
male and female (male < female, r = − 0.512, P < 0.001) in HC. We did not find any other significant correlations 
in SCZ.

To clarify the possible interaction effects of carbonyl stress markers and the control variables of age, gender, 
and antipsychotic medication (chlorpromazine equivalent) on white matter alteration, we also performed Spear-
man’s partial correlation analyses between white matter measures and each of interaction terms. We did not find 
any significant interaction in both groups.

Discussion
The main findings of this study are: (1) Schizophrenia patients showed decreased neurite density (that is, apparent 
axonal density in white matter) and increased CSF/edema; (2) Enhanced carbonyl stress was related to decreased 
apparent axonal density in SCZ; (3) Carbonyl stress indexed by plasma pentosidine and serum pyridoxal was 
associated with axonal microstructure in HC and SCZ, the significance levels of which changed with or without 
the effects of age, gender, and medication. The details will be discussed below.

Our DTI result of decreased FA in SCZ supports previous robust findings using DTI7–12. Our FWI results 
of increased FW are consistent with a previous study37 but inconsistent with studies of no increase of FW38–40 
in SCZ. Our NODDI findings of decreased ICVF are in agreement with a previous study41. Our finding of no 
change of ODI is inconsistent with a study revealing increased ODI in SCZ38, although that study used single-
shell diffusion data. In our study, we used two-shell data acquisition and a preprocessing pipeline42 based on the 
original method23, which assures the quality of raw data and preprocessing. In addition to the above, our previous 
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studies using microtomography showed that neurite curvature was negatively correlated with its diameter43 
and positively correlated with the capillary curvature44 in SCZ. Taken together, we can at least understand that 
decreased ICVF, which can be due to curved neurites along with curved capillaries, contributes to white matter 
abnormality in SCZ. This might be accompanied by increased CSF/edema, indicating neuroinflammatory change 
as was previously shown in carbonyl stress model mouse45.

By simple correlation analyses, we found that increased pyridoxal was negatively associated with decreased 
ODI (axonal orientation dispersion) in HC. After controlling for age and gender, this apparent negative asso-
ciation disappeared and a direct negative association between pentosidine and ODI appeared in HC. Age was 
reported to relate to ODI increase, which was to be exponential after the fourth decade33. Most of the subjects in 
this study were older than the fourth decade (SCZ: N = 21, HC: N = 25). Furthermore, our data showed a signifi-
cant group difference of ODI between males and females (male < female). Taken together, we can consider that 
the associations between age and ODI, and between gender and ODI related the apparent association between 
serum pyridoxal and ODI in HC. On the other hand, there was a direct negative association between pentosidine 
and ODI in HC, while age and gender inversely related the positive relationship between them.

We found an association between increased pentosidine and decreased ICVF (apparent axonal density in 
white matter) only in SCZ for simple correlation analysis, which turned into trend-level after controlling for the 
effects of age, gender, and medication. Since both plasma pentosidine and ICVF had no significant relationships 
with age, gender, and medication, this reduction of significance may be caused by the reduced degree of freedom 
from 30 to 27. Another possibility is that individual weak associations as revealed in previous studies2–5,15,24,25 
might have a relating effect in the inverse direction when combined. Previous in-vitro studies showed that 
enhanced carbonyl stress was related to shortened neurites16 as well as decreased myelination19. A postmortem 
study also revealed a relationship with curved neurites18, the association of which may be mediated by a microin-
flammatory process46. Our current finding of apparent axonal density reduction as well as increased CSF/edema 
is consistent with this concept. Also, we found that the patient with the highest plasma pentosidine level had 
the lowest level of ICVF. This may imply that there exists a common pathology among the high-carbonyl-stress 
subgroup and the altered-apparent-axonal-density subgroup. Further studies using drug-naïve and/or at-risk 
mental state populations would broaden the current findings.

This study has several limitations that need to be considered. First, we have to remember that we cannot com-
pletely eliminate the effects of medications by modeling them as covariates alone. Further studies with drug-naïve 
or drug-free patients would be required. In addition, factors such as exercise, dietary habits, and smoking were 
not measured or controlled in the current study, and they could affect carbonyl stress and MRI measures. Second, 
we used peripheral carbonyl stress markers in this study, but their relationship to carbonyl stress in the central 
nervous system is unclear. Further studies need to elucidate the relationship between peripheral and central 
carbonyl stress. Third, this study had a cross-sectional design. Investigation of longitudinal changes of carbonyl 
stress and white matter measures could help to elucidate the causal relationship between these two variables. 
Fourth, the b-values used for calculating DTI in the current method are slightly lower than the commonly used 
values (e.g. b = 1000 s/mm2). This may have biased the current results, and thus they may need further investiga-
tion in terms of the optimality of the b-value for DTI in the future, since recent studies have suggested that DTI 
with higher b-values of (e.g. 3000 s/mm2) is more sensitive to the neurite changes47.

Using multiple MRI modalities, we found an association between enhanced carbonyl stress and axonal white 
matter microstructural abnormality in patients with schizophrenia. This study thus provides insights into the 
carbonyl stress-based white matter pathophysiology of schizophrenia and could contribute to the development 
of novel treatments from the viewpoint of carbonyl stress.

Methods
Participants.  Thirty-two patients with schizophrenia (SCZ: 20 men and 12 women, median [IQR] 
age = 43.00 [21] years) were recruited. Each patient satisfied the criteria for schizophrenia based on the Struc-
tural Clinical Interview for DSM-IV Axis I Disorders (SCID) Patients Edition, Version 2.0. None of the patients 
were comorbid with other psychiatric disorders. Their psychopathology was assessed using the Positive and 
Negative Syndrome Scale48. All patients were receiving antipsychotic medication at the time of the study (typical 
[n = 3], atypical [n = 25], typical and atypical [n = 4]). Chlorpromazine equivalents were calculated according to 
the Practice Guideline for the Treatment of Schizophrenia Patients49,50.

Forty-five healthy individuals (HC: 21 men and 24 women, age = 40.00 [11] years) were recruited as control 
group. Participants were evaluated using the SCID Non-patient Edition, Version 2.0. They had no history of 
psychiatric disorders and no first-degree relatives who had experienced psychotic episodes. Exclusion criteria 
for both groups were as follows: a history of head trauma, neurological disease, severe medical disease that 
could affect brain function, or substance abuse. Participants with high creatinine (> 1.04 mg/dl), high glycohe-
moglobin A1C (> 6.5%), or who were currently medicated with a vitamin were also excluded so as not to affect 
the blood sample measurements of pentosidine and pyridoxal. After receiving a complete description of the 
study, written informed consent was obtained from all participants. This study was approved by the Committee 
on Medical Ethics of Kyoto University and was conducted in accordance with the Code of Ethics of the World 
Medical Association.

Measurement and group comparisons of pentosidine and vitamin B6.  Plasma pentosidine and 
serum pyridoxal were used as markers of carbonyl stress. Fresh plasma and serum samples were obtained from 
all participants on the same day as MRI scanning. Pentosidine levels were determined using high-performance 
liquid chromatography as described previously51 (see Supplementary Materials). Other parameters (glycohe-
moglobin A1C and creatinine) were measured from blood samples. The glomerular filtration rate was estimated 
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using the abbreviated Modification of Diet in Renal Diseases study equation52. Because two forms of vitamin B6 
(pyridoxine and pyridoxamine) were below detectable levels, we used pyridoxal as a vitamin B6 marker.

MRI scan.  All images, which were independent from our previous dataset15, were acquired using a 3-Tesla 
(3  T) MRI unit (MAGNETOM Prisma; Siemens, Erlangen, Germany). T1-weighted images (T1WIs) were 
acquired using a 3-dimensional (3D) magnetization-prepared rapid gradient echo (3D-MPRAGE) sequence. 
T2-weighted images (T2WIs) were acquired with 3D T2 Sampling Perfection with Application-optimized Con-
trasts using different flip angle Evolutions (3D T2-SPACE) sequence. Diffusion-weighted images were acquired 
using a single-shot spin-echo echo-planar imaging (EPI) sequence with 2 opposing phase encoding direc-
tions: from anterior to posterior (AP) and from posterior to anterior (PA). Two b-values of diffusion-weighted 
data (700 and 2000s/mm2), which were optimized for Neurite Orientation Dispersion and Density Imaging 
(NODDI)23, were obtained (see Supplementary Materials). The b = 700 images were used for the following diffu-
sion data preprocessing, and both b = 700 and b = 2000 images were used for NODDI.

Diffusion data preprocessing.  All diffusion data were preprocessed using the HCP pipeline53. In short, 
b0 images were averaged and b0 pairs with two opposite phase encoding directions were used to estimate the 
B0 inhomogeneity distortion using Topup54 implemented in a set of programs of FMRIB Software Library ver-
sion 5.0.9 (FSL; Oxford Centre for Functional MRI of the Brain, Oxford, UK; www.​fmrib.​ox.​ac.​uk/​fsl). The 
eddy-current-induced field inhomogeneities, and the head motion for each image volume, were corrected using 
FSL’s Eddy55. Gradient nonlinearity correction was conducted for the diffusion data to remove spatial distortion 
due to the nonlinearity inherent in the MRI gradient system56. The corrected diffusion data were each spatially 
realigned to the T1WIs using a rigid body transformation with the FSL’s FLIRT boundary-based registration 
(BBR)57,58 followed by FreeSurfer’s BBR59. Then, a fractional anisotropy (FA) map was obtained by fitting a diffu-
sion tensor model to the data using the DTIFIT program of FSL.

We calculated the temporal signal-to-noise ratio (tSNR) for each voxel by mean/standard deviation of the 
b0 volumes, which represent a practical imaging quality index60. The mean tSNR for the whole brain did not 
significantly differ between the groups (Table 1).

Free water imaging.  Free water imaging21,61 models water diffusion in each voxel by a 2-compartment 
model of tissue (intra- and extra-neurite) and CSF/edema spaces. Increase of the latter is considered to be a sur-
rogate marker of edematous (inflammatory) change22 (Fig. 3). This technique generates free-water-eliminated 
FA (FA_fwe, intracellular water space, Figuress 1, 2A) maps that are more sensitive to microstructural change 
than a single tensor FA image21, and also free water images (FW, extracellular water space, Figs. 3, 4A)62 (see 
Supplementary Materials).

Neurite orientation dispersion and density imaging (NODDI).  NODDI23 models white matter 
brain microstructure in each voxel by 3 compartments. The intra-neurite compartment (neurite = axon in white 
matter and axon/dendrite in gray matter) is modeled as restricted diffusion by membrane or myelin; the extra-
neurite compartment (outside of neurites ≈ glial cells) is modeled as anisotropic hindered diffusion; the CSF/
edema compartment is modeled as isotropic diffusion (Fig. 3). This technique generates a volume fraction of the 
intracellular compartment (intracellular volume fraction, ICVF, Fig. 4A), a volume fraction of the CSF/edema 
compartment (isotropic volume fraction, ISO, Fig. 4A), and the orientation dispersion index (ODI, Figs. 3, 4A) 
(see Supplementary Materials).

Tract‑based spatial statistics (TBSS).  After visual inspection of all the preprocessed MRI data, we used 
Tract-Based Spatial Statistics (TBSS, version 1.2 of FSL)63 (see Supplementary Materials) to calculate mean white 
matter values of the above indices. The voxel values of each subject’s normalized FA map were projected onto the 
mean “skeleton” (Fig. 4B) by identifying the local maxima along the perpendicular direction from the skeleton. 
Each subject’s maps of FW for inflammatory change, and ODI and ICVF for neurite qualitative and quantitative 
evaluation were also projected onto the skeleton using the same projection vectors (Fig. 4B). Mean values of the 
skeletonized data were calculated within the skeleton mask, and they were used for the group comparisons and 
correlational analyses as described in the following section.

Statistical analyses.  Because all the carbonyl stress and imaging indices above were not normally distrib-
uted in both the HC and SCZ groups, non-parametric analyses by Mann–Whitney U tests for group compari-
sons and Spearman’s correlation coefficient for correlational analyses were used. All analyses were performed 
using SPSS version 23 (SPSS Inc., Chicago, IL, USA). The significance levels were set according to Bonferroni 
correction.

We compared plasma pentosidine and serum pyridoxal between groups, with a significance level of P < 0.025 
(= 0.05/2 carbonyl stress markers).

We also compared mean FA, FW, ODI, and ICVF values between groups, with a significance level of P < 0.0125 
(= 0.05/4 white matter measures).

Spearman’s simple and partial correlation analyses between carbonyl stress and white matter measures were 
performed in each of the groups, with or without control variables of age, gender, and antipsychotic medication 
(chlorpromazine equivalent)49,50. The significance level was P < 0.0031 (= 0.05 divided by 2 groups, 2 carbonyl 
stress markers, and 4 white matter measures).

http://www.fmrib.ox.ac.uk/fsl


8

Vol:.(1234567890)

Scientific Reports |        (2023) 13:12220  | https://doi.org/10.1038/s41598-023-39379-w

www.nature.com/scientificreports/

Effects of age, gender, and medication.  To examine the effects of age, gender, and medication on the 
association between carbonyl stress and white matter alteration, we performed simple Spearman’s correlation 
analyses between serum pyridoxal, plasma pentosidine, ODI, age, and gender in HC, and between plasma pen-
tosidine, ICVF, age, gender, and medication in SCZ. The significance level was set at P < 0.0025 (= 0.05 divided 
by 5C2 and 2 groups).

Interaction effects of age, gender, and medication.  To clarify the possible interaction effects of age, 
gender, and antipsychotic medication (chlorpromazine equivalent) on the relationship between carbonyl stress 
markers and white matter alteration (ODI in HC and ICVF in SCZ, respectively), we also performed Spearman’s 
partial correlation analyses for an interaction term while controlling for other terms. The interaction terms were 
computed as the dot-product of the 2 carbonyl stress markers (plasma pentosidine or serum pyridoxal) and the 
control variables of age or gender for HC, and the carbonyl stress marker (plasma pentosidine) and the control 
variables of age, gender, or medication for SCZ, respectively. All variables were mean-centered before computing 
the interactions. The significance level was set at P < 0.0125 (= 0.05 divided by (4 interactions between 2 carbonyl 
stress markers, and age/gender) in HC, and P < 0.0167 (= 0.05 divided by (3 interactions between plasma pento-
sidine and age/gender/medication) in SCZ.

Figure 3.   Schemas of diffusion weighted imaging preprocessing. Total diffusion weighted signals are divided 
into (1) 3 compartments (Neurite Orientation Dispersion and Density Imaging, NODDI), (2) 2 compartments 
(free water imaging) and 1 compartment (diffusion tensor imaging). Parameters of each preprocessing model 
are shown on the right part of this figure. This figure is modified from one on the website (http://​mig.​cs.​ucl.​ac.​
uk/​index.​php?n=​Tutor​ial.​NODDI​matlab).

http://mig.cs.ucl.ac.uk/index.php?n=Tutorial.NODDImatlab
http://mig.cs.ucl.ac.uk/index.php?n=Tutorial.NODDImatlab
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Data availability
The data analyzed in this study are available from the corresponding author on reasonable request.

Received: 25 July 2022; Accepted: 25 July 2023

References
	 1.	 Miyata, T., de Strihou, C. V., Kurokawa, K. & Baynes, J. W. Alterations in nonenzymatic biochemistry in uremia: Origin and sig-

nificance of “carbonyl stress” in long-term uremic complications. Kidney Int. 55, 389–399. https://​doi.​org/​10.​1046/j.​1523-​1755.​
1999.​00302.x (1999).

	 2.	 Nin, J. W. et al. Higher plasma levels of advanced glycation end products are associated with incident cardiovascular disease and 
all-cause mortality in type 1 diabetes: A 12-year follow-up study. Diabetes Care 34, 442–447. https://​doi.​org/​10.​2337/​dc10-​1087 
(2011).

	 3.	 Koyama, Y. et al. High serum level of pentosidine, an advanced glycation end product (AGE), is a risk factor of patients with heart 
failure. J. Card. Fail. 13, 199–206. https://​doi.​org/​10.​1016/j.​cardf​ail.​2006.​11.​009 (2007).

	 4.	 Srikanth, V. et al. Advanced glycation endproducts and their receptor RAGE in Alzheimer’s disease. Neurobiol. Aging 32, 763–777. 
https://​doi.​org/​10.​1016/j.​neuro​biola​ging.​2009.​04.​016 (2011).

	 5.	 Arai, M. et al. Enhanced carbonyl stress in a subpopulation of schizophrenia. Arch. Gen. Psychiatry 67, 589–597. https://​doi.​org/​
10.​1001/​archg​enpsy​chiat​ry.​2010.​62 (2010).

	 6.	 Itokawa, M. et al. Pyridoxamine: A novel treatment for schizophrenia with enhanced carbonyl stress. Psychiatry Clin. Neurosci. 
72, 35–44. https://​doi.​org/​10.​1111/​pcn.​12613 (2018).

	 7.	 Ellison-Wright, I. & Bullmore, E. Meta-analysis of diffusion tensor imaging studies in schizophrenia. Schizophr. Res. 108, 3–10. 
https://​doi.​org/​10.​1016/j.​schres.​2008.​11.​021 (2009).

	 8.	 Wheeler, A. L. & Voineskos, A. N. A review of structural neuroimaging in schizophrenia: From connectivity to connectomics. 
Front. Hum. Neurosci. 8, 653. https://​doi.​org/​10.​3389/​fnhum.​2014.​00653 (2014).

	 9.	 Sasamoto, A. et al. Global association between cortical thinning and white matter integrity reduction in schizophrenia. Schizophr. 
Bull. 40, 420–427. https://​doi.​org/​10.​1093/​schbul/​sbt030 (2014).

	10.	 Kubota, M. et al. Thalamocortical disconnection in the orbitofrontal region associated with cortical thinning in schizophrenia. 
JAMA Psychiatry 70, 12–21. https://​doi.​org/​10.​1001/​archg​enpsy​chiat​ry.​2012.​1023 (2013).

Figure 4.   Maps of white matter measures and analysis pipeline of this study. (A) Examples of Fractional 
Anisotropy (FA) of Diffusion Tensor Imaging (DTI); free water eliminated fractional anisotropy (FA_fwe) and 
free water (FW) of free water imaging (FWI); orientation dispersion index (ODI), intra-cellular volume fraction 
(ICVF), and isotropic volume fraction (ISO) of Neurite Orientation Dispersion and Density Imaging (NODDI). 
A color bar of the signal intensity is indicated below each map. (B) All steps to project each map onto the 
skeleton mask are as follows: (1) create FA, create the skeleton mask of FA, and project local maxima of FA, (2) 
project FW, ODI, and ICVF onto the skeleton mask using the same projection vectors as used in step 1.

https://doi.org/10.1046/j.1523-1755.1999.00302.x
https://doi.org/10.1046/j.1523-1755.1999.00302.x
https://doi.org/10.2337/dc10-1087
https://doi.org/10.1016/j.cardfail.2006.11.009
https://doi.org/10.1016/j.neurobiolaging.2009.04.016
https://doi.org/10.1001/archgenpsychiatry.2010.62
https://doi.org/10.1001/archgenpsychiatry.2010.62
https://doi.org/10.1111/pcn.12613
https://doi.org/10.1016/j.schres.2008.11.021
https://doi.org/10.3389/fnhum.2014.00653
https://doi.org/10.1093/schbul/sbt030
https://doi.org/10.1001/archgenpsychiatry.2012.1023


10

Vol:.(1234567890)

Scientific Reports |        (2023) 13:12220  | https://doi.org/10.1038/s41598-023-39379-w

www.nature.com/scientificreports/

	11.	 Miyata, J. et al. Reduced white matter integrity correlated with cortico-subcortical gray matter deficits in schizophrenia. Schizophr. 
Res. 111, 78–85. https://​doi.​org/​10.​1016/j.​schres.​2009.​03.​010 (2009).

	12.	 Kelly, S. et al. Widespread white matter microstructural differences in schizophrenia across 4322 individuals: Results from the 
ENIGMA Schizophrenia DTI Working Group. Mol. Psychiatry 23, 1261–1269. https://​doi.​org/​10.​1038/​mp.​2017.​170 (2018).

	13.	 Stedehouder, J. & Kushner, S. A. Myelination of parvalbumin interneurons: A parsimonious locus of pathophysiological conver-
gence in schizophrenia. Mol. Psychiatry 22, 4–12. https://​doi.​org/​10.​1038/​mp.​2016.​147 (2017).

	14.	 Flynn, S. W. et al. Abnormalities of myelination in schizophrenia detected in vivo with MRI, and post-mortem with analysis of 
oligodendrocyte proteins. Mol. Psychiatry 8, 811–820. https://​doi.​org/​10.​1038/​sj.​mp.​40013​37 (2003).

	15.	 Son, S. et al. Enhanced carbonyl stress and disrupted white matter integrity in schizophrenia. Schizophr. Res. 223, 242–248. https://​
doi.​org/​10.​1016/j.​schres.​2020.​08.​007 (2020).

	16.	 Toyoshima, M. et al. Enhanced carbonyl stress induces irreversible multimerization of CRMP2 in schizophrenia pathogenesis. 
Life Sci. Alliance https://​doi.​org/​10.​26508/​lsa.​20190​0478 (2019).

	17.	 Hara, T. et al. Glyoxalase I disruption and external carbonyl stress impair mitochondrial function in human induced pluripotent 
stem cells and derived neurons. Transl. Psychiatry 11, 275. https://​doi.​org/​10.​1038/​s41398-​021-​01392-w (2021).

	18.	 Mizutani, R. et al. Three-dimensional alteration of neurites in schizophrenia. Transl. Psychiatry 9, 85. https://​doi.​org/​10.​1038/​
s41398-​019-​0427-4 (2019).

	19.	 Saitoh, F., Hagiwara, H., Wakatsuki, S. & Araki, T. Carboxymethylation of CRMP2 is associated with decreased Schwann cell 
myelination efficiency. Neurosci. Res. 139, 58–62. https://​doi.​org/​10.​1016/j.​neures.​2018.​08.​015 (2019).

	20.	 Torii, Y. et al. The accumulation of advanced glycation end-products in a schizophrenic patient with a glyoxalase 1 frameshift 
mutation: An autopsy study. Schizophr. Res. 223, 356–358. https://​doi.​org/​10.​1016/j.​schres.​2020.​09.​012 (2020).

	21.	 Pasternak, O., Sochen, N., Gur, Y., Intrator, N. & Assaf, Y. Free water elimination and mapping from diffusion MRI. Magn. Reson. 
Med. 62, 717–730. https://​doi.​org/​10.​1002/​mrm.​22055 (2009).

	22.	 Di Biase, M. A. et al. Large-scale evidence for an association between peripheral inflammation and white matter free water in 
schizophrenia and healthy individuals. Schizophr. Bull. 47, 542–551. https://​doi.​org/​10.​1093/​schbul/​sbaa1​34 (2021).

	23.	 Zhang, H., Schneider, T., Wheeler-Kingshott, C. A. & Alexander, D. C. NODDI: Practical in vivo neurite orientation dispersion 
and density imaging of the human brain. Neuroimage 61, 1000–1016. https://​doi.​org/​10.​1016/j.​neuro​image.​2012.​03.​072 (2012).

	24.	 Katsuta, N. et al. Significance of measurements of peripheral carbonyl stress markers in a cross-sectional and longitudinal study 
in patients with acute-stage schizophrenia. Schizophr. Bull. 40, 1366–1373. https://​doi.​org/​10.​1093/​schbul/​sbt234 (2014).

	25.	 Miyashita, M. et al. Clinical features of schizophrenia with enhanced carbonyl stress. Schizophr. Bull. 40, 1040–1046. https://​doi.​
org/​10.​1093/​schbul/​sbt129 (2014).

	26.	 Araki, N., Ueno, N., Chakrabarti, B., Morino, Y. & Horiuchi, S. Immunochemical evidence for the presence of advanced glycation 
end products in human lens proteins and its positive correlation with aging. J. Biol. Chem. 267, 10211–10214 (1992).

	27.	 Handa, J. T. et al. Increase in the advanced glycation end product pentosidine in Bruch’s membrane with age. Invest. Ophthalmol. 
Vis. Sci. 40, 775–779 (1999).

	28.	 Miyata, T. et al. Accumulation of carbonyls accelerates the formation of pentosidine, an advanced glycation end product: carbonyl 
stress in uremia. J. Am. Soc. Nephrol. 9, 2349–2356. https://​doi.​org/​10.​1681/​ASN.​V9122​349 (1998).

	29.	 Odetti, P. et al. Advanced glycation end products and bone loss during aging. Ann. N. Y. Acad. Sci. 1043, 710–717. https://​doi.​org/​
10.​1196/​annals.​1333.​082 (2005).

	30.	 Sell, D. R. et al. Pentosidine: A molecular marker for the cumulative damage to proteins in diabetes, aging, and uremia. Diabetes-
Metab. Rev. 7, 239–251. https://​doi.​org/​10.​1002/​dmr.​56100​70404 (1991).

	31.	 Sannohe, T. et al. High doses of antipsychotic polypharmacy are related to an increase in serum levels of pentosidine in patients 
with schizophrenia. Prog. Neuropsychopharmacol. Biol. Psychiatry 76, 42–48. https://​doi.​org/​10.​1016/j.​pnpbp.​2017.​02.​019 (2017).

	32.	 Genc, S., Malpas, C. B., Holland, S. K., Beare, R. & Silk, T. J. Neurite density index is sensitive to age related differences in the 
developing brain. Neuroimage 148, 373–380. https://​doi.​org/​10.​1016/j.​neuro​image.​2017.​01.​023 (2017).

	33.	 Chang, Y. S. et al. White matter changes of neurite density and fiber orientation dispersion during human brain maturation. PLoS 
One 10, e0123656. https://​doi.​org/​10.​1371/​journ​al.​pone.​01236​56 (2015).

	34.	 Paus, T. Growth of white matter in the adolescent brain: myelin or axon?. Brain Cogn. 72, 26–35. https://​doi.​org/​10.​1016/j.​bandc.​
2009.​06.​002 (2010).

	35.	 Szeszko, P. R. et al. White matter changes associated with antipsychotic treatment in first-episode psychosis. Neuropsychopharma-
cology 39, 1324–1331. https://​doi.​org/​10.​1038/​npp.​2013.​288 (2014).

	36.	 Barth, C. et al. Exploring white matter microstructure and the impact of antipsychotics in adolescent-onset psychosis. PLoS One 
15, e0233684. https://​doi.​org/​10.​1371/​journ​al.​pone.​02336​84 (2020).

	37.	 Pasternak, O., Westin, C. F., Dahlben, B., Bouix, S. & Kubicki, M. The extent of diffusion MRI markers of neuroinflammation and 
white matter deterioration in chronic schizophrenia. Schizophr. Res. 161, 113–118. https://​doi.​org/​10.​1016/j.​schres.​2014.​07.​031 
(2015).

	38.	 Kraguljac, N. V. et al. A longitudinal neurite and free water imaging study in patients with a schizophrenia spectrum disorder. 
Neuropsychopharmacology 44, 1932–1939. https://​doi.​org/​10.​1038/​s41386-​019-​0427-3 (2019).

	39.	 Oestreich, L. K. L. et al. Characterizing white matter changes in chronic schizophrenia: A free-water imaging multi-site study. 
Schizophr. Res. 189, 153–161. https://​doi.​org/​10.​1016/j.​schres.​2017.​02.​006 (2017).

	40.	 Mandl, R. C. et al. Comparing free water imaging and magnetization transfer measurements in schizophrenia. Schizophr. Res. 161, 
126–132. https://​doi.​org/​10.​1016/j.​schres.​2014.​09.​046 (2015).

	41.	 Rae, C. L. et al. Deficits in neurite density underlie white matter structure abnormalities in first-episode psychosis. Biol. Psychiatry 
82, 716–725. https://​doi.​org/​10.​1016/j.​biops​ych.​2017.​02.​008 (2017).

	42.	 Koike, S. et al. Brain/MINDS beyond human brain MRI project: A protocol for multi-level harmonization across brain disorders 
throughout the lifespan. Neuroimage Clin. 30, 102600. https://​doi.​org/​10.​1016/j.​nicl.​2021.​102600 (2021).

	43.	 Mizutani, R. et al. Structural diverseness of neurons between brain areas and between cases. Transl. Psychiatry 11, 49. https://​doi.​
org/​10.​1038/​s41398-​020-​01173-x (2021).

	44.	 Saiga, R. et al. Brain capillary structures of schizophrenia cases and controls show a correlation with their neuron structures. Sci. 
Rep. 11, 11768. https://​doi.​org/​10.​1038/​s41598-​021-​91233-z (2021).

	45.	 Toriumi, K. et al. Combined glyoxalase 1 dysfunction and vitamin B6 deficiency in a schizophrenia model system causes mito-
chondrial dysfunction in the prefrontal cortex. Redox Biol. 45, 102057. https://​doi.​org/​10.​1016/j.​redox.​2021.​102057 (2021).

	46.	 Ohnuma, T. et al. Carbonyl stress and microinflammation-related molecules as potential biomarkers in schizophrenia. Front 
Psychiatry 9, 82. https://​doi.​org/​10.​3389/​fpsyt.​2018.​00082 (2018).

	47.	 Fukutomi, H. et al. Diffusion tensor model links to neurite orientation dispersion and density imaging at high b-value in cerebral 
cortical gray matter. Sci. Rep. 9, 12246. https://​doi.​org/​10.​1038/​s41598-​019-​48671-7 (2019).

	48.	 Kay, S. R., Fiszbein, A. & Opler, L. A. The positive and negative syndrome scale (PANSS) for schizophrenia. Schizophr. Bull. 13, 
261–276. https://​doi.​org/​10.​1093/​schbul/​13.2.​261 (1987).

	49.	 Lehman, A. F. et al. Practice guideline for the treatment of patients with schizophrenia, second edition. Am. J. Psychiatry 161, 1–56 
(2004).

	50.	 Inada, T. & Inagaki, A. Psychotropic dose equivalence in Japan. Psychiatry Clin. Neurosci. 69, 440–447. https://​doi.​org/​10.​1111/​
pcn.​12275 (2015).

https://doi.org/10.1016/j.schres.2009.03.010
https://doi.org/10.1038/mp.2017.170
https://doi.org/10.1038/mp.2016.147
https://doi.org/10.1038/sj.mp.4001337
https://doi.org/10.1016/j.schres.2020.08.007
https://doi.org/10.1016/j.schres.2020.08.007
https://doi.org/10.26508/lsa.201900478
https://doi.org/10.1038/s41398-021-01392-w
https://doi.org/10.1038/s41398-019-0427-4
https://doi.org/10.1038/s41398-019-0427-4
https://doi.org/10.1016/j.neures.2018.08.015
https://doi.org/10.1016/j.schres.2020.09.012
https://doi.org/10.1002/mrm.22055
https://doi.org/10.1093/schbul/sbaa134
https://doi.org/10.1016/j.neuroimage.2012.03.072
https://doi.org/10.1093/schbul/sbt234
https://doi.org/10.1093/schbul/sbt129
https://doi.org/10.1093/schbul/sbt129
https://doi.org/10.1681/ASN.V9122349
https://doi.org/10.1196/annals.1333.082
https://doi.org/10.1196/annals.1333.082
https://doi.org/10.1002/dmr.5610070404
https://doi.org/10.1016/j.pnpbp.2017.02.019
https://doi.org/10.1016/j.neuroimage.2017.01.023
https://doi.org/10.1371/journal.pone.0123656
https://doi.org/10.1016/j.bandc.2009.06.002
https://doi.org/10.1016/j.bandc.2009.06.002
https://doi.org/10.1038/npp.2013.288
https://doi.org/10.1371/journal.pone.0233684
https://doi.org/10.1016/j.schres.2014.07.031
https://doi.org/10.1038/s41386-019-0427-3
https://doi.org/10.1016/j.schres.2017.02.006
https://doi.org/10.1016/j.schres.2014.09.046
https://doi.org/10.1016/j.biopsych.2017.02.008
https://doi.org/10.1016/j.nicl.2021.102600
https://doi.org/10.1038/s41398-020-01173-x
https://doi.org/10.1038/s41398-020-01173-x
https://doi.org/10.1038/s41598-021-91233-z
https://doi.org/10.1016/j.redox.2021.102057
https://doi.org/10.3389/fpsyt.2018.00082
https://doi.org/10.1038/s41598-019-48671-7
https://doi.org/10.1093/schbul/13.2.261
https://doi.org/10.1111/pcn.12275
https://doi.org/10.1111/pcn.12275


11

Vol.:(0123456789)

Scientific Reports |        (2023) 13:12220  | https://doi.org/10.1038/s41598-023-39379-w

www.nature.com/scientificreports/

	51.	 Miyata, T. et al. Identification of pentosidine as a native structure for advanced glycation end products in beta-2-microglobulin-
containing amyloid fibrils in patients with dialysis-related amyloidosis. Proc. Natl. Acad. Sci. U. S. A. 93, 2353–2358. https://​doi.​
org/​10.​1073/​pnas.​93.6.​2353 (1996).

	52.	 Stevens, L. A., Coresh, J., Greene, T. & Levey, A. S. Assessing kidney function–measured and estimated glomerular filtration rate. 
N. Engl. J. Med. 354, 2473–2483. https://​doi.​org/​10.​1056/​NEJMr​a0544​15 (2006).

	53.	 Glasser, M. F. et al. The minimal preprocessing pipelines for the Human Connectome Project. Neuroimage 80, 105–124. https://​
doi.​org/​10.​1016/j.​neuro​image.​2013.​04.​127 (2013).

	54.	 Andersson, J. L. R., Skare, S. & Ashburner, J. How to correct susceptibility distortions in spin-echo echo-planar images: application 
to diffusion tensor imaging. Neuroimage 20, 870–888. https://​doi.​org/​10.​1016/​s1053-​8119(03)​00336-7 (2003).

	55.	 Andersson, J. L. R. & Sotiropoulos, S. N. An integrated approach to correction for off-resonance effects and subject movement in 
diffusion MR imaging. Neuroimage 125, 1063–1078. https://​doi.​org/​10.​1016/j.​neuro​image.​2015.​10.​019 (2016).

	56.	 Jovicich, J. et al. Reliability in multi-site structural MRI studies: Effects of gradient non-linearity correction on phantom and human 
data. Neuroimage 30, 436–443. https://​doi.​org/​10.​1016/j.​neuro​image.​2005.​09.​046 (2006).

	57.	 Jenkinson, M., Bannister, P., Brady, M. & Smith, S. Improved optimization for the robust and accurate linear registration and 
motion correction of brain images. Neuroimage 17, 825–841. https://​doi.​org/​10.​1016/​s1053-​8119(02)​91132-8 (2002).

	58.	 Jenkinson, M. & Smith, S. A global optimisation method for robust affine registration of brain images. Med. Image Anal. 5, 143–156. 
https://​doi.​org/​10.​1016/​s1361-​8415(01)​00036-6 (2001).

	59.	 Greve, D. N. & Fischl, B. Accurate and robust brain image alignment using boundary-based registration. Neuroimage 48, 63–72. 
https://​doi.​org/​10.​1016/j.​neuro​image.​2009.​06.​060 (2009).

	60.	 Roalf, D. R. et al. The impact of quality assurance assessment on diffusion tensor imaging outcomes in a large-scale population-
based cohort. Neuroimage 125, 903–919. https://​doi.​org/​10.​1016/j.​neuro​image.​2015.​10.​068 (2016).

	61.	 Pasternak, O., Sochen, N. & Basser, P. J. The effect of metric selection on the analysis of diffusion tensor MRI data. Neuroimage 49, 
2190–2204. https://​doi.​org/​10.​1016/j.​neuro​image.​2009.​10.​071 (2010).

	62.	 Hoy, A. R., Koay, C. G., Kecskemeti, S. R. & Alexander, A. L. Optimization of a free water elimination two-compartment model 
for diffusion tensor imaging. Neuroimage 103, 323–333. https://​doi.​org/​10.​1016/j.​neuro​image.​2014.​09.​053 (2014).

	63.	 Smith, S. M. et al. Tract-based spatial statistics: Voxelwise analysis of multi-subject diffusion data. Neuroimage 31, 1487–1505. 
https://​doi.​org/​10.​1016/j.​neuro​image.​2006.​02.​024 (2006).

Acknowledgements
The authors declare no conflict of interest. The authors wish to extend their gratitude to all of the laboratory 
members, and especially to a research nurse, Etsuko Shinoda, for their assistance in data acquisition, and we are 
thankful to the patients and volunteers for participating in the study. We would also like to thank Hiroko Yuzawa 
of Tokai University School of Medicine for the measurement of plasma pentosidine levels. The multiband EPI 
sequence was provided by the Center for Magnetic Resonance Research, University of Minnesota, MN, USA. 
We thank Arndt Gerz for editing a draft of this manuscript. This work was supported by AMED under Grant 
Numbers JP20dm0107088, JP20dm0107089, JP21dm0307008, and 21uk1024002. This research was also sup-
ported by Grants-in-Aid for Young Scientists (19K17061), Grants-in-Aid for Scientific Research A (15H01690) 
and B (16H05380, 17H04248, 18H02749, 19H03589, 20H03608), and on innovative areas (16H06397, 18H05130, 
20H05064) from the Ministry of Education, Culture, Sports, Science and Technology of Japan, Novartis Pharma 
Research Grant, SENSHIN Medical Research Foundation, SUZUKEN Memorial Foundation, and Takeda Sci-
ence Foundation.

Author contributions
S.S., M.A., M.I., J.M. and T.M. designed the study. All authors participated in the acquisition, analysis, or inter-
pretation of data. S.S., J.M. and T.M. discussed the results and wrote the manuscript. All authors contributed 
edits and approved the contents of the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​023-​39379-w.

Correspondence and requests for materials should be addressed to J.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2023

https://doi.org/10.1073/pnas.93.6.2353
https://doi.org/10.1073/pnas.93.6.2353
https://doi.org/10.1056/NEJMra054415
https://doi.org/10.1016/j.neuroimage.2013.04.127
https://doi.org/10.1016/j.neuroimage.2013.04.127
https://doi.org/10.1016/s1053-8119(03)00336-7
https://doi.org/10.1016/j.neuroimage.2015.10.019
https://doi.org/10.1016/j.neuroimage.2005.09.046
https://doi.org/10.1016/s1053-8119(02)91132-8
https://doi.org/10.1016/s1361-8415(01)00036-6
https://doi.org/10.1016/j.neuroimage.2009.06.060
https://doi.org/10.1016/j.neuroimage.2015.10.068
https://doi.org/10.1016/j.neuroimage.2009.10.071
https://doi.org/10.1016/j.neuroimage.2014.09.053
https://doi.org/10.1016/j.neuroimage.2006.02.024
https://doi.org/10.1038/s41598-023-39379-w
https://doi.org/10.1038/s41598-023-39379-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Association between enhanced carbonyl stress and decreased apparent axonal density in schizophrenia by multimodal white matter imaging
	Results
	Demographics and clinical data. 
	Group differences of carbonyl stress markers (Table 1, Fig. 1A). 
	Group differences in white matter measures (Fig. 1B). 
	Correlation between carbonyl stress markers and white matter measures (Fig. 2). 

	Discussion
	Methods
	Participants. 
	Measurement and group comparisons of pentosidine and vitamin B6. 
	MRI scan. 
	Diffusion data preprocessing. 
	Free water imaging. 
	Neurite orientation dispersion and density imaging (NODDI). 
	Tract-based spatial statistics (TBSS). 
	Statistical analyses. 
	Effects of age, gender, and medication. 
	Interaction effects of age, gender, and medication. 

	References
	Acknowledgements


