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Purpose: The white matter integrity and fine structure changes were rarely reported in General Paresis (GP). We discussed white
matter (WM) integrity in GP patients which was analyzed by Diffusion Tensor Imaging (DTI) Tract-Based Spatial Statistical Analysis
(TBSS).

Patients and Methods: This was a prospective cross-sectional study. We recruited 18 GP patients and 24 age-sex-matched healthy
controls (HC). DTI for WM of whole-brain was analyzed by TBSS and got of fractional anisotropy (FA), mean diffusivity (MD), axial
diffusivity (AD) and radial diffusivity (RD), local diffusion homogeneity (Spearman) (LDHs), and local diffusion homogeneity
(Kendall) (LDHKk). The results of WM tracts with statistical difference between GP and HC groups were analyzed with Mini-Mental
State Examination (MMSE) using Pearson correlation. All correlations were statistically tested with a significant p-value <0.05.
Results: GP patients had significantly reduced FA and increased AD, RD, and MD in a wide range of WM. On DTI-TBSS
comparison the mean FA decreased in forceps minor (FCP), inferior fronto-occipital fasciculus R (IFOF_R), superior longitudinal
fasciculus (temporal part) L (SLFTP_L). MD increased in cingulum (hippocampus) R (Ch_R), FCPm, IFOF L, IFOF R, inferior
longitudinal fasciculus L (ILF_L), ILF R, superior longitudinal fasciculus L (SLF L), SLF R, uncinate fasciculus L (UF L), UF R
and SLFTP R. AD increased in Ch R, ILF L, UF L. RD increased in FCPm, IFOF L, IFOF R, ILF L, ILF R, UF L, UF R,
SLFTP_R. LDHs decreased in anterior thalamic radiation L (ATR L), cingulum (cingulate gyrus) L (CCG_L). LDHk decreased in
ATR L, CCG_L. The MMSE score correlated with FA (positive correlation) and MD (negative correlation) in FCPm and IFOF_R.
The MMSE score correlated with LDHs (positive correlation) and LDHk (positive correlation) in ART L.

Conclusion: These findings suggest that DTI-TBSS is a sensitive tool for detecting widespread white matter impairment in GP, and
that the identified microstructural damage is closely associated with core cognitive deficits in memory and speech, which may inform
early diagnosis and monitoring of disease progression.
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Introduction

With the incidence of syphilis more than doubling over the last decade, understanding of its clinical and imaging
manifestations has become increasingly important.' Neurosyphilis can occur at any time in the course of syphilis, even in
the earliest primary stage % General paresis (GP) is a late stage of neurosyphilis with rapid progressive dementia and
personality changes.” Unfortunately, GP has a wide variety of central nervous system manifestations, both clinical or
neuroimaging findings,* which makes the diagnosis challenging.' Dementia related to GP is one of the dementia that can
be cured at present. Therefore, early diagnosis and early treatment are crucial for its prognosis.

It is reported that the most common imaging manifestation of GP is brain atrophy, especially frontal temporal
lobe and hippocampus.* ® But can these brain atrophy explain severe dementia and mental disorders? Is cognitive
impairment associated with the destruction of white matter (WM) integrity? Tract-based spatial statistics (TBSS)
was used to observe whether WM integrity was related with underlying cognitive impairment by analyzing
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diffusion tensor imaging (DTI). Several prior studies have employed DTI to investigate brain microstructural
changes in neurosyphilis and HIV-dementia. Studies revealed that disrupted white matter microstructural integrity
and spontaneous brain activity were observed in early neurosyphilis using DTI-TBSS.” DTI-TBSS was helpful to
explore the WM microstructure abnormalities and provide a new perspective for the investigation of the
pathomechanism of HIV-associated WM injury.® DTI is recommended as a sensitive method to explore the
changes of brain WM. TBSS is a reliable and optimized method, which is unbiased and automatic, which can
be used to comprehensively understand WM fiber damage across the entire brain. The extent of the changes in the
microstructure of major WM tracts was investigated by TBSS. We got the diffusion metrics fractional anisotropy
(FA), mean diffusivity (MD), axial diffusivity (AD), radial diffusivity (RD), local diffusion homogeneity
(Spearman) (LDHs) and local diffusion homogeneity (Kendall) (LDHk). Mini-Mental State Examination
(MMSE) analysis by Pearson correlation was performed for WM regions with statistically significant difference
between GP group and HC group. LDHs and LDHk are as advanced techniques that provide more specific
estimates of axonal density and myelination, respectively. We state that their application in GP could offer deeper
mechanistic insights beyond standard DTI. How white matter microstructural signature relate to cognitive profiles
remains largely unexplored in GP. This directly sets up the rationale for our study. However, white matter
integrity in GP may be influenced by concurrent factors such as age, vascular risk burden, or treatment history,
which must be considered when interpreting the results. We will increase the sample size for group discussions in
the future.

Materials and Methods

Participants
This was a prospective cross-sectional study. The study was approved by the ethics committee (2018(044)-01 and DTEK-
KY2025-139-01), and all the included patients had signed informed consent.

Eighteen male patients with GP (age 50.95+12.76 years, range = 21~68 years) and 24 male age-matched healthy
controls (age 52.42+9.22 years, range = 28~67 years) were involved in this study. All of the participants were right-
handed and were voluntarily and consecutively recruited from Mar 2018 to Sep 2019.

Clinical symptoms and signs in GP group include memory impairment (11/18), emotion disorder (11/18), speech
impairment (5/18), hallucination (4/18), unstable gait (4/18), dizziness (3/18) and Numbness of limbs (2/18).

All participants were given MMSE score. GP group scores were 20.61+7.51, while HC group scores were 29.58+0.65.

The inclusion and exclusion criteria of GP groups refer to the 2015 Center for Disease Control (CDC) states
neurosyphilis guidelines:’ (1) Treponema pallidum particle assay (TPPA) was positive, or rapid plasma reagent (RPR)
was positive, and Toluidine red un-hoated serum test (TRUST) were positive. (2) There were neurological symptoms and
signs; (3) Cerebrospinal fluid (CSF) TRUST test was positive, white blood cells >5/uL. or CSF protein > 45mg/dl. (4)
CSF ink staining, cryptococcal antigen, acid fast staining, toxoplasma antibody were all negative, excluding diseases
caused by other pathogenic microorganisms.

The inclusion and exclusion criteria of HC group refer to no neurological symptoms and disease.

Imaging Examination

General Electric Company (GE) Discovery MR750W 3.0 T was used for MR examination. Multidirectional (axial,
sagittal, coronal) scanning and multiparameter scanning were performed, including conventional MR T1WI, T2WI, DTI
and T1-weighted 3D axial IR-prepped FSPGR (BRAVO). The DTI sequence parameters were: TR 7000ms, TE 97.9ms,
b=1000, matrix 128 % 128, FOV 240 mm x 240mm, Directions 15. BRAVO T1WTI in axis orientation yielding contiguous
slices with thickness of 1.0 mm. The in-plane spatial resolution of the contiguous coronal slices was 0.5x0.5x1mm /pixel.
Field of view = 256 mm x 256 mm and matrix size = 512 x 512, flip angle = 15°, TR = 7.472 ms, and TE = 2.796ms,
TI=450ms.
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Image Analysis
DTI data were processed using the FMRIB Software Library (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki) software.

1. Diffusion Tensor Imaging Data Processing. Data Conversion and Preprocessing: Raw DICOM images were
converted to the NIFTI format. Preprocessing included correction for susceptibility-induced distortions, followed
by correction for eddy currents and head motion. A brain mask was generated from the non-diffusion weighted
(b0) image of each participant using the Brain Extraction Tool (BET). Tensor Fitting and Scalar Maps: A diffusion
tensor model was fitted at each voxel within the brain mask using FSL’s tool. This generated individual maps of
FA, MD, AD, RD, LDHs and LDHk.

2. TBSS Analysis. Registration and Skeleton Creation: All participants’ FA images were nonlinearly registered
to the standard FMRIB58 FA template in Montreal Neurological Institute (MNI) space using FNIRT. The
registered FA images were averaged and thinned to create a mean FA skeleton, representing the centers of
common white matter tracts. The skeleton was thresholded at FA > 0.2 to exclude peripheral areas with high
inter-subject variability or partial volume effects. Projection of Diffusion Metrics: Each participant’s aligned
FA data were projected onto this common skeleton. The voxelwise group comparisons were performed using
FSL’s randomise tool with 5000 permutations. Threshold-Free Cluster Enhancement (TFCE) was applied to
address the multiple comparisons problem across the white matter skeleton. Results are reported as statisti-
cally significant at a family-wise error (FWE) corrected p value <0.05. The identical nonlinear warps and
projection parameters were then applied to the FA, MD, AD, RD creating analogous skeletonized data for
subsequent group analysis.

Local Diffusion Homogeneity (Spearman-based), LDHs: This index was calculated by evaluating the similarity of
diffusion-weighted signal profiles within a local neighborhood using Spearman’s rank correlation coefficient. For each
voxel, the signal intensities of its adjacent voxels were ranked, and the Spearman correlation between the central voxel’s
rank vector and each neighbor’s was computed. The LDHs value was defined as the average of these correlation
coefficients within the neighborhood. Local Diffusion Homogeneity (Kendall-based). LDHk: This index was derived
following an identical spatial process but using Kendall’s tau coefficient as the similarity metric. The LDHk value
represents the average Kendall’s tau correlation within the neighborhood. Both LDHs and LDHk range from —1 to 1,
with higher positive values indicating greater local pattern uniformity. A 6-mm spherical kernel was used to define the
neighborhood for all calculations.

Statistical Analysis

Independent samples #-test was performed for age and MMSE. TBSS analyses were performed using TBSS Statistics, as
previously mentioned. The results of WM tracts with statistical difference between GP and HC groups were analyzed
with MMSE by Pearson correlation coefficient (IBM SPSS Statistics 22.0 for Windows). p value<0.05 was regarded as
statistical significance.

Result

Clinical Data
There was no significant difference in age and gender between GP and HC groups, but MMSE was statistically
significant (P < 0.05).

DTI-TBSS Comparison

Widespread whiter matter disruption in GP, as shown in Table 1 and Figures 1-6.
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Table | The Difference Between the GP and HC Group in Mean DTI Value

Mean DTI GP (n=18) HC (n=24) P
Value in ROI
FA FCPm 0.39404+0.03826 0.43970+0.03093 0.02533
IFOF_R 0.37706+0.03449 0.41254+0.02587 0.03983
SLFTP_L 0.38788+0.04279 0.40961+0.03070 0.04148
MD Ch_R 0.00096+0.00009 0.00084+0.00004 0.04022
FCPm 0.00088+0.00005 0.00082+0.00004 0.00552
IFOF_L 0.00091+0.00003 0.00084+0.00004 0.0148I
IFOF_R 0.00088+0.00005 0.00082+0.00004 0.02551
ILF_L 0.00090+0.00003 0.00084+0.00004 0.02252
ILF_R 0.00086+0.00005 0.00079+0.00004 0.03762
SLF_L 0.00083+0.00003 0.00079+0.00003 0.03056
SLF_R 0.00078+0.00005 0.00074+0.00003 0.02904
UF_L 0.00088+0.00005 0.00082+0.00005 0.00176
UF_R 0.00084+0.00004 0.00080+0.00004 0.03776
SL FTP_R 0.00076+0.00003 0.00072+0.00005 0.01963
AD Ch_R 0.00127+0.00009 0.001 13+0.00005 0.00861
ILF_L 0.00127+0.00002 0.00121+0.00005 0.03592
UF_L 0.00126+0.00006 0.001 18+0.00004 0.00263
RD FCPm 0.00068+0.00006 0.00060+0.00004 0.00833
IFOF_L 0.00072+0.00004 0.00065+0.00005 0.0118
IFOF_R 0.00069+0.00006 0.00062+0.00004 0.0146
ILF_L 0.00072+0.00004 0.00066+0.00004 0.0113
ILF_R 0.00068+0.00005 0.00061+0.00004 0.02458
UF_L 0.00069+0.00005 0.00063+0.00006 0.04821
UF_R 0.00062+0.00005 0.00058+0.00005 0.03716
SLFTP_R 0.00054+0.00004 000050+0.00005 0.02389
LDHs ATR_L 0.91743+0.00850 0.92660+0.00598 0.04539
CCG_L 0.91104+0.01594 0.89227+0.01767 0.0004
LDHk ATR_L 0.91743+0.00850 0.92660+0.00598 0.04794
CCG_L 0.91104+0.01594 0.89227+0.01767 0.00047

Notes: Results are reported as statistically significant at a family-wise error (FWE) corrected p value < 0.05.

. FA value in GP group was significant decreased than HC group in forceps minor (FCPm) (p=0.03), inferior fronto-
occipital fasciculus R (IFOF_R) (p=0.04), and superior longitudinal fasciculus (temporal part) L (SLFTP_L)
(p=0.04) regions.

. MD increased in cingulum (hippocampus) R (Ch_R) (p=0.04), FCPm (p=0.01), IFOF L (»=0.01), IFOF R
(p=0.03), inferior longitudinal fasciculus L (ILF L) (p=0.02), ILF R (p=0.04), superior longitudinal
fasciculus L (SLF L) (p=0.03), SLF_R (p=0.03), uncinate fasciculus L (UF L) (p<0.01), UF R (p=0.04) and
SLFTP R (p=0.02) regions.

. AD increased in Ch_R(p=0.01), ILF_L(p=0.04), UF_L(p<0.01) regions.

4. RD increased in FCPm (p=0.01), IFOF L (p=0.041), IFOF R (p=0.01), ILF_L (p=0.01), ILF_R(»=0.02), UF L

(p=0.048), UF_R (p=0.04), SLFTP_R(p=0.02) regions.

. LDHs decreased in anterior thalamic radiation L(ATR L)(p=0.045) and cingulum (cingulate gyrus) L (CCG_L)
(»<0.01) regions.

. LDHk decreased in ATR L (p=0.048), CCG_L (p<0.01) regions.

Table 1, Comparison of Mean DTI Values between Groups.
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Figure | Showed FA value in GP group was significant decreased than HC group in FCPm, IFOF_R, and SLFTP_L regions.

Notes: The statistical maps are overlaid on the mean FA skeleton. The color coding indicates the direction of group differences: blue denotes voxels with decreased values.
The Threshold-Free Cluster Enhancement (TFCE) method was employed. Results for all metrics are reported as statistically significant at a family-wise error (FWE)
corrected threshold of p value <0.05.

Correlations Between WM and MMSE Scores

The difference between the two groups of diffusion metric and MMSE correlation was analyzed by Pension correlation,

as shown in Table 2.

1. FA was positively correlated with MMSE in FCPm region (p<0.01, =0.52).

2. MD was a negative correlation between MMSE in FCPm (p=0.03, =—0.51), IFOF_R (p=0.047, r=—0.47). There
was no significant difference between GP group and HC group in ART L region, but it was negatively correlated
with MMSE (p=0.01, »=—0.58).
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Figure 2 Showed MD increased in Ch_R, FCPm, IFOF_L, IFOF_R, ILF_L, ILF_R, SLF_L, SLF_R, UF_L, UF_R and SLFTP_R regions.

Notes: The statistical maps are overlaid on the mean FA skeleton. The color coding indicates the direction of group differences: red denotes voxels with increased values in
the GP group relative to controls. The Threshold-Free Cluster Enhancement (TFCE) method was employed. Results for all metrics are reported as statistically significant at a
family-wise error (FWE) corrected threshold of p value <0.05.

3. LDHs in ART L region (p=0.01, »=0.57) was correlated with MMSE.
4. LDHk in ART L region (p=0.01, »=0.57) was correlated with MMSE.

Discussion

In our study, DTI analysis by TBSS was used in GP and NC groups. It demonstrated preliminary results of altered
widespread microstructural WM abnormalities in GP. DTI can detect microstructural integrity of white matter fiber by
quantitative assessment in brain disorders. We used the voxel-wise TBSS to find that decreased FA/LDHs/LDHk values
and increased MD/RD/AD values throughout almost the whole WM skeleton of GP patients. This is consistent with the
research conducted by scholar Ma WT,” in early neurosyphilis DTI-TBSS revealed that decreased FA and increased MD
values in the FCPm, Ch_R and Ch L, IFOF R, ILF, corticospinal tract, CCG_R, and anterior thalamic radiation.
Increased MD or AD values in multiple white matter structures showed significant associations with many cognitive
domain tests. Research showed increased MD or AD values in multiple white matter structures and associated with many
cognitive domain tests in HIV patients®'*- Currently, the mechanisms underlying WM pathology in GP are unclear. The
clinical symptom of GP was progressive dementia with or without psychological and behavior disorders.>'" Therefore,
the author discussed the DTI results of other cognitive disorders (Alzheimer’s disease). FA represented the integrity of
nerve fibers and reflected WM tract damage and MD represented reduced barriers to free water diffusion. The
combination of reduced FA and increased MD may reflect the progressive loss of intensity of WM. There was a wide

alteration of WM microstructure in early Alzheimer’s disease'” and Parkinson’s disease.'* Some scholars found that
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Figure 3 Showed AD increased in Ch_R, ILF_L, UF_L regions. The statistical maps are overlaid on the mean FA skeleton.

Notes: The statistical maps are overlaid on the mean FA skeleton. The color coding indicates the direction of group differences: red denotes voxels with increased values in
the GP group relative to controls. The Threshold-Free Cluster Enhancement (TFCE) method was employed. Results for all metrics are reported as statistically significant at a
family-wise error (FWE) corrected threshold of p value <0.05.

increased AD and RD in WM tracts, suggesting lesion-related axonal damage and demyelination contributing to WM
impairment.'* Gong proposed LDH as an additional marker for evaluating the WM microstructural properties of the
brain.'> This metric quantifies the local coherence of water molecule diffusion in a model-free manner. LDH is used to
characterize the local coherence of water molecule diffusion in a model-free manner. It may provide additional insights
into inter-subject WM variability. In calculation, the LDH parameter uses Spearman correlation coefficient (LDHs) or
Kendall harmony coefficient (LDHk) to quantify the overall coherence of diffusion series. In GP LDHs and LDHk
decreased in ART L and CCG_L. That was consistent with other studies that decreased FA and LDH in patients correlate
with vascular cognitive impairment.'®!’

Some scholars found that WM damage may occur secondarily to grey matter atrophy by Wallerian degeneration, but
additional WM alterations may also occur independent.'® Neuropathology also indicated that perivascular inflammation
was present in the leptomeninges, cortex, and white matter in GP. We hypothesized that this progressive dementia in GP
is not only because of damage of cortical architecture and neuron loss, but also related to the alterations of white matter
integrity. We speculated that the decrease of FA/LDHs/LDHk and the increase of MD/AD and RD in GP patients may be
related to the loss of myelin and axon damage from microvascular pathology.'® It is currently unknown whether
microstructural changes with WM can be detected earlier than GM volumetric changes. Thus, future work should
focus on both grey and WM of GP.

GP has a wide range of WM tracts integrity in the whole brain. Including ATR in project fibers. In this group,
two cases of limb numbness may be related to the damage of white matter integrity. Commissural fibers: Corpus
callosum (CC) (FCPm). The CC has the greatest volume of white matter in the brain, and it connects both brain
hemispheres. Damage to the anterior portion (FCPm) caused frontal symptomatology, including disinhibition,
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Figure 4 Showed RD increased in FCPm, IFOF_L, IFOF_R, ILF_L, ILF_R, UF_L, UF_R, SLFTP_R regions.

Notes: The statistical maps are overlaid on the mean FA skeleton. The color coding indicates the direction of group differences: red denotes voxels with increased values in
the GP group relative to controls. The Threshold-Free Cluster Enhancement (TFCE) method was employed. Results for all metrics are reported as statistically significant at a
family-wise error (FWE) corrected threshold of p value <0.05.

impulsivity, memory issues, inertness, and decreased motivation.?’ In our study, GP patients who had memory and
emotional disorders and hallucinations may be related to the abnormal WM of corpus callosum. Cognition
Association fibers: IFOF, ILF, SLF, UF were damaged in our study. The damage of those WM may cause speech
and memory impairment. In our study, five patients had speech impairment, 11 patients had memory impairment.

We also found these WM tract abnormalities were associated with cognitive function in GP. MMSE score was
correlated significantly with FA (positive correlation) in FCPm, as well as MD in FCPm, IFOF_R (negative correlation)
in the WM tracts. LDHs and LDHk in ART L region were also correlated with MMSE. This is similar with the results
of AD, MCI and vascular cognitive impairment,”® which confirmed that FA and LDH was positive correlation and MD
was negative correlation with MMSE or Montreal Cognitive Assessment (MoCA).

Researchers from Japan detected T. pallidum in the CSF of 28.6% patients with primary and secondary
syphilis.>*?! Parenchymatous neurosyphilis (NS) is characterized by general paresis and tabes dorsalis. In early
neurosyphilis DTI-TBSS revealed that decreased FA and increased MD in WM and associated with many cognitive
domain tests.” GP is a late stage NS caused by the direct invasion of brain parenchyma by spirochetes. Selective
atrophy of the frontal and mesial temporal structures has been recognized as a feature of the GP. But GP had no
specificity in clinic and MRI. Diagnosis and differential diagnosis of GP is a big clinical challenge.*** Our study
found that WM tracts integrity was widely abnormal in GP patients and correlated with MMSE. When MMSE score
was high, FA value was high and MD value was low for FCPm area, which indicated that fiber bundle integrity was
good in this region. It was consistent with mild clinical symptoms. When MMSE score was high, MD value was low
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Figure 5 Showed LDHs decreased in ATR_L, CCG_L regions.

Notes: The statistical maps are overlaid on the mean FA skeleton. The color coding indicates the direction of group differences: blue denotes voxels with decreased values.
The Threshold-Free Cluster Enhancement (TFCE) method was employed. Results for all metrics are reported as statistically significant at a family-wise error (FWE)
corrected threshold of p value <0.05.

in IFOF region, and LDHs and LDHk values in the region were high, which indicated that WM traces were not
damaged in the regions. And those were supported by clinical manifestations. The extensive alterations of WM
tracts can better explain the clinical symptoms of GP. Noting that the discussion focuses on significant results to
generate hypotheses, but that alterations in tracts without cognitive correlations may also be biologically important
and require future study. The conclusions imply that white matter damage may explain clinical symptoms. But the
relationships may be bidirectional or influenced by shared underlying factors. Expanding cognitive assessment
beyond global screening (eg, MMSE) to include tests like the MoCA, AVLT, and WMS are necessary to clarify
associations with specific cognitive domains. Will DTI-TBSS change before and after the treatment of syphilis?
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Figure 6 Showed LDHk decreased in ATR_L, CCG_L regions.

Notes: The statistical maps are overlaid on the mean FA skeleton. The color coding indicates the direction of group differences: blue denotes voxels with decreased values.
The Threshold-Free Cluster Enhancement (TFCE) method was employed. Results for all metrics are reported as statistically significant at a family-wise error (FWE)
corrected threshold of p value <0.05.

Early diagnosis and treatment of NS can delay the progression of the disease. Can DTI-TBSS be used to assess the
severity of the disease and the therapeutic effect? Further research is needed.

Limitations: The number of cases and the sample size were relatively small, so more cases are needed to continue the
discussion. At the same time, the abnormal gray matter volume and WM tracts may reveal the pathological process of the
disease. The next step we should study on asymptomatic neurosyphilis and perform long-term follow-up on patients with
NS to find DTI-TBSS whether it would help with earlier diagnosis or monitoring treatment response.
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Table 2 The Difference Between the Two Groups of Diffusion Metric and MMSE Correlation
Analyzed by Pearson Correlation Coefficient

DTI metric/Region FA MD LDHs LDHk

r P r P r P r P
FCPm 0.517 0.028 —0.511 0.030 0.278 0.264 0.258 0.302
IFOF_R 0.483 0.069 —0.473 0.047 —0.361 0.141 —0.353 0.151
ART_L 0.138 0.586 —0.583 0.011 0.570 0.013 0.574 0.013

Notes: p value<0.05 was regarded as statistical significance.

Conclusion

GP had extensive alterations in WM integrity. The damage to the WM tracts may explain the clinical features, such as
neuropsychological symptoms, impulsivity, language and memory disorders. DTI might be a potential biomarker for
identifying the underlying mechanisms of GP. A larger sample size needs to be studied further.

Highlights

e We discussed white matter (WM) integrity in GP patients which was analyzed by Diffusion Tensor Imaging (DTI)
Tract-Based Spatial Statistical Analysis (TBSS).

e GP patients had significantly reduced FA, and increased AD, RD, and MD in a wide range of WM.

e DTI could be established as a potentially biomarker to detect underlying mechanisms of GP.
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