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ABSTRACT
Introduction: Early-stage neurodegeneration — clinically expressed as mild
cognitive impairment (MCI) — lacks accessible imaging biomarkers that link

microstructural white-matter injury to functional network disruption. We evaluated
whether integrating diffusion tensor imaging (DTI) and resting-state functional MRI
(rs-fMRI) at 3.0-Tesla improves detection of MCI and substantiates a structural-to-
functional disconnection mechanism.

Methods: In this STARD-2015-compliant, prospective cross-sectional diagnostic
accuracy study at a tertiary hospital in Palembang, Indonesia, 85 participants (45 MCI,
40 age-, sex- and education-matched controls) underwent single-scanner 3.0-T MRI.
DTI metrics (fractional anisotropy [FA], mean diffusivity [MD]) were derived by tract-
based spatial statistics and posterior-cingulate-seeded Default Mode Network (DMN)
connectivity by CONN. Consensus clinical diagnosis (Petersen criteria) was the
blinded reference standard. Diagnostic accuracy used ROC/DeLong AUC, Wilson 95%
confidence intervals (CIs), Cohen k, and multivariable logistic regression.

Results: Posterior-cingulum FA was lower (0.399 * 0.058 vs 0.489 + 0.052, p<0.001)
and MD higher in MCI; PCC-mPFC connectivity was reduced (0.392 + 0.124 vs 0.586
+ 0.136, p<0.001). FA discriminated MCI with AUC 0.903 (95% CI 0.831-0.974;
sensitivity 82.2%, specificity 90.0%); a combined FA+FC model reached AUC 0.901
with sensitivity 95.6% and NPV 93.8% but did not exceed FA alone (DeLong p=0.90).
FA and connectivity were strongly correlated (r=0.79, 95% CI 0.69-0.86, p<0.001).
Inter-reader agreement was substantial (k=0.74 and 0.67).

Conclusion: Multimodal 3.0-T DTI and rs-fMRI provides an accurate, radiation-free
signature of early-stage neurodegeneration; the coupling between cingulum
microstructure and DMN connectivity is consistent with structural disconnection
being associated with functional decoupling and offers a deployable tool for tertiary
referral centres.

All authors have reviewed and approved the final version of the manuscript.

1. Introduction

Mild cognitive impairment (MCI)

microstructural and connectional rather than volumetric.
Diffusion tensor imaging (DTI) characterises white-matter

represents the integrity: fractional anisotropy (FA) declines and mean

symptomatic predromal stage of neurodegenerative
disease, a transitional window in which cognitive
complaints exceed expectations for age yet functional
independence is preserved. Accurate identification of this
stage is clinically critical because it defines the population
in which disease-modifying intervention is most likely to
succeed. A recent meta-analysis estimated the worldwide
prevalence of MCI among community dwellers aged 50
years and older at roughly 15-20%,! and because
emerging lifestyle and pharmacological interventions
appear most effective when started early, the predromal
window has become a focus of biomarker research.?

Conventional structural MRI is comparatively insensitive
to the earliest changes of neurodegeneration, which are

diffusivity (MD) rises as myelin and axonal architecture
degrade, with the posterior cingulum and fornix affected
early.>> Resting-state functional MRI (rs-fMRI) maps
spontaneous low-frequency co-fluctuation of the blood-
oxygen-level-dependent signal and is especially powerful
for interrogating the Default Mode Network (DMN), whose
posterior cingulate cortex (PCC) and medial prefrontal
cortex (mPFC) hubs lose synchrony early in disease.®”

Prior diagnostic studies report DTI areas under the curve
commonly between 0.80 and 0.90 for the best-performing
tracts and consistently reduced posterior-DMN
connectivity on rs-fMRI.58 Multimodal fusion of structural
and functional features can improve characterisation and
prediction of conversion, although incremental
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discrimination over the single best biomarker is often
modest because the measures are correlated.? Critically,
the direct correlation between tract microstructure and

network connectivity — the structural-functional
coupling that would substantiate a disconnection
mechanism — is seldom tested within the same

participants.10-12 Accessible imaging biomarkers that track
this early tissue change are therefore needed to
complement molecular markers.13

These questions carry particular weight in Southeast Asia,
where access to advanced neuroimaging remains uneven
and concentrated in tertiary referral centres, and
prospective multimodal data from Indonesian populations
scanned on standard clinical 3.0-T systems are scarce.8 We
therefore conducted a prospective, STARD-2015-
compliant diagnostic accuracy study integrating DTI and
rs-fMRI in a single matched cohort at a tertiary hospital in
Palembang, Indonesia, to quantify the diagnostic accuracy
of individual and combined biomarkers for MCI against a
blinded clinical reference standard, to measure inter-
reader reliability, and to test whether posterior-cingulum
microstructural integrity is coupled to DMN functional
connectivity.

2. Methods

2.1. Study design and reporting

This study was conducted and reported in accordance
with the Standards for Reporting Diagnostic Accuracy
Studies (STARD 2015). It was a prospective, single-centre,
cross-sectional analytic study at a tertiary referral and
academic hospital in Palembang, Indonesia, between
January and December of the study year. The study
received ethical approval from the CMHC Ethics
Committee, Palembang, Indonesia (Approval No.
CMHC/EC/2024/0417), and written informed consent
was obtained from all participants.

2.2. Participants

Participants aged 55-75 years were enrolled by
consecutive sampling. Inclusion criteria for the MCI group
followed Petersen criteria: a Mini-Mental State
Examination (MMSE) score of 24-27, a subjective memory
complaint corroborated by an informant, objective
memory impairment on the Indonesian Montreal
Cognitive Assessment (MoCA-Ina), and preserved
activities of daily living. Healthy controls had an MMSE =
28, no memory complaint, and were matched for age, sex
and education. Exclusion criteria were contraindications
to MR, clinical stroke, intracranial mass, severe head
injury, major psychiatric disorder, or insufficient image
quality after quality control.

2.3. Sample size

Sample size was estimated for a diagnostic-accuracy
endpoint using the single-proportion formula n = Z1-q/2% x
P(1 - P) / d? where P is the anticipated sensitivity (0.85),
d the absolute precision (0.11) and Zi-«/2 = 1.96. This
yielded a minimum of 40 cases; 45 cases and 40 controls
were enrolled to preserve power (1 - # 2 0.80, a = 0.05).
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2.4. MRI acquisition protocol

All imaging used a single 3.0-Tesla scanner with a 32-
channel head coil. (i) T1-weighted 3D MPRAGE: TR/TE
1900/2.52 ms, flip angle 9°, FOV 250 mm, 1 mm3 isotropic.
(ii) DTI: single-shot spin-echo EPI, 64 directions at b =
1000 s/mm? plus one b = 0 volume, TR/TE 8500/90 ms, 2
mm isotropic, no gap. (iii) rs-fMRI: gradient-echo EPI,
TR/TE 2000/30 ms, flip angle 90°, 240 volumes over 8
minutes, eyes closed. No contrast agent was administered.

2.5. Image processing

DTI data were processed in FSL with eddy-current and
motion correction, brain extraction and Tract-Based
Spatial Statistics (TBSS); FA and MD were extracted for the
genu of the corpus callosum, posterior cingulum and
fornix, an approach validated for tracking white-matter
change across the MCI-to-Alzheimer transition.'* rs-fMRI
data were preprocessed in SPM12 and CONN (slice-timing
correction, realignment, co-registration, MNI
normalisation, 6-mm FWHM smoothing, nuisance
regression, 0.01-0.08 Hz band-pass); PCC seed-to-voxel
Fisher-Z connectivity was extracted for PCC-mPFC and
PCC-bilateral inferior parietal lobule (IPL) connections.

2.6. Image interpretation and reference standard

Quantitative ROI and connectivity values formed the
primary index tests. Two board-certified
neuroradiologists (8 and 12 years' experience)
independently rated each case for DTI tract abnormality
and DMN decoupling, blinded to clinical data and to each
other; disagreements were resolved by a third reader, and
index-test interpretation was locked before the reference
standard was revealed. The reference standard was the
consensus clinical diagnosis of amnestic MCI (Petersen
criteria with MMSE and MoCA-Ina) established by
neurologists blinded to all imaging.

2.7. Statistical analysis

Group differences used independent-samples t-tests and
X? tests, with a general linear model adjusted for age and
sex and false-discovery-rate (FDR) correction. For each
biomarker a 2x2 table yielded sensitivity, specificity,
predictive values and accuracy with 95% Wilson CIs. ROC
analysis produced AUC with 95% CI by the DeLong method
and Youden-optimal cut-offs with likelihood ratios. Inter-
reader reliability used Cohen x interpreted by Landis-
Koch thresholds. A multivariable logistic-regression
model estimated adjusted odds ratios, and Pearson
correlation (with Fisher 95% Cls) tested structural-
functional coupling. A two-tailed o of 0.05 was used.

3. Results

Of 85 enrolled participants who completed multimodal
imaging, all 85 (45 MCI, 40 controls) were retained after
quality control, and every participant received the same
reference standard with no indeterminate index results.
As detailed in Table 1, the groups were well matched for
age (67.9 £ 4.7 vs 66.7 + 4.3 years, p=0.234), sex (p=0.759)
and education (p=0.818), whereas cognition differed
markedly (MMSE 25.5 £ 1.0 vs 29.1 £ 0.7; MoCA-Ina 21.5 *
2.1 vs 27.6 = 1.2, both p<0.001). All primary imaging
differences survived FDR correction.
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Table 1. Demographic and clinical characteristics of the study cohort.

Parameter

Age, years (mean * SD)
Sex, male / female
Education, years
MMSE score

MoCA-Ina score

MCI (n=45) Controls (n=40) p-value
67.9 +4.7 66.7 £ 4.3 0.234
24 /21 20/ 20 0.759
12.0£3.5 11.9+3.0 0.818

25.5+1.0 29.1+0.7 <0.001*

21.5+21 27.6+1.2 <0.001*

MCI, mild cognitive impairment; MMSE, Mini-Mental State Examination; MoCA-Ina, Indonesian Montreal Cognitive Assessment. * p < 0.05.

3.1. Microstructural alterations (DTI)

As summarised in Table 2, posterior-cingulum FA was
reduced (0.399 + 0.058 vs 0.489 + 0.052; t=-7.47, p<0.001)
with increased MD (0.932 % 0.073 vs 0.825 + 0.060 x1073
mm?/s; t=7.25, p<0.001). FA was also lower in the genu
(0.515 * 0.037 vs 0.555 * 0.037, p<0.001) and fornix
(0.337 £ 0.062 vs 0.397 £ 0.043, p<0.001). The effect was
largest in the posterior cingulum (Cohen d = 1.62).

3.2. Functional connectivity alterations (rs-fMRI)
Resting-state analysis showed selective decoupling of the
anterior-posterior DMN axis (Table 2). PCC-mPFC
connectivity was markedly reduced in MCI (0.392 + 0.124
vs 0.586 + 0.136 Fisher-Z; t=-6.88, p<0.001), with smaller
reductions in PCC-left IPL (t=-3.55, p=0.001) and PCC-
right IPL (t=-3.60, p=0.001); the PCC-mPFC connection
carried the strongest functional signal (Cohen d = 1.50).

3.3. Diagnostic accuracy

Against the clinical reference standard, and as detailed in
Table 2 and illustrated by the ROC curves in Figure 1,
posterior-cingulum FA discriminated MCI with an AUC of
0.903 (95% CI 0.831-0.974); at the Youden cut-off (FA =
0.445) sensitivity was 82.2% (95% CI 68.7-90.7) and
specificity 90.0% (95% CI 76.9-96.0), with LR+ 8.22 and
LR- 0.20. PCC-mPFC connectivity yielded AUC 0.858 and
MD AUC 0.868. A combined FA+FC model achieved AUC
0.901 (95% CI 0.834-0.968); although it did not exceed FA
alone (DeLong p=0.90), it raised sensitivity to 95.6% (95%
CI 85.2-98.8) with NPV 93.8% and LR- 0.06, indicating
superior rule-out performance. The Youden cut-offs were
derived within the sample and require external
calibration.

Table 2. Imaging metrics and diagnostic accuracy for discrimination of MCI versus controls.

Controls (mean +

Metric (unit) MCI (mean + SD) sD) AUC (95% CI) Sn % (95%CI)  Sp % (95% CI) LR+ /LR-
FA posterior cingulum 0.399 + 0.058 0.489 £ 0.052 0.903 (0.831-0.974) 82.2 (68.7-90.7)  90.0 (76.9-96.0) 8.22/0.20
MD post. cingulum (x10~% mm?/s) 0.932 £ 0.073 0.825 + 0.060 0.868 (0.792-0.944) 733 87.5 5.87 /0.30
FC PCC-mPFC (Fisher-Z) 0.392 +0.124 0.586 + 0.136 0.858 (0.781-0.934) 66.7 (52.1-78.6)  87.5(73.9-94.5) 5337038
Multimodal model (FA+FC) — — 0.901 (0.834-0.968) 95.6 (85.2-98.8)  75.0 (59.8-85.8) 3.82/0.06

FA, fractional anisotropy (dimensionless); MD, mean diffusivity; FC, functional connectivity; AUC, area under the ROC curve; Sn, sensitivity; Sp, specificity; LR, likelihood

ratio. AUC 95% Cls by the DeLong method; proportion CIs are Wilson intervals.

1.04

:'_I:I

Sensitivity (True Positive Rate)

0.01Y

0 = FA posterior cingulum (AUC=0.903)

=== FC PCC-mPFC (AUC=0.858)
=== Multimodal model (FA+FC) (AUC=0.901)

0.0

0.2 0.4 0.6 0.8
1 — Specificity (False Positive Rate)
AUC 95% Cls by DeLong method; n=85 (45 MCI, 40 HC)

1.0

Figure 1. Receiver-operating-characteristic curves for discrimination of MCI versus healthy controls (posterior-cingulum FA, PCC-mPFC
connectivity, and the combined FA+FC model). AUC 95% confidence intervals were derived by the DeLong method (n = 85).
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3.4. Inter-reader reliability

Inter-reader agreement was substantial for both
modalities: Cohen k was 0.74 (95% CI 0.60-0.88) for DTI
tract abnormality and 0.67 (95% CI 0.51-0.83) for DMN
decoupling.

3.5. Structural-functional coupling and multivariable
model

As depicted in Figure 2A, posterior-cingulum FA was
strongly correlated with PCC-mPFC connectivity across
the cohort (r=0.79,95% CI 0.69-0.86, p<0.001) and within
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the MCI group (r=0.77, 95% CI 0.61-0.86), the latter
confirming the coupling is not an artefact of group
separation; FA and MD were inversely correlated (r=-0.82,
p<0.001). In multivariable logistic regression (Table 3),
lower FA was the only independent predictor of MCI
(adjusted OR 4.26, 95% CI 1.07-16.91, p=0.040); FC, MD
and age were not independent after adjustment,
consistent with collinearity among DMN-related measures
(McFadden R? = 0.435). The comparative performance of
all biomarkers is summarised in the forest plot of Figure
2B.

Table 3. Multivariable logistic regression and Default Mode Network connectivity comparison.

Predictor / connection

FA posterior cingulum (per SD 1)
FC PCC-mPFC (per SD {)

MD posterior cingulum (per SD T)
Age (per SD)

PCC-mPFC (group comparison)
PCC-left IPL (group comparison)
PCC-right IPL (group comparison)

Adjusted OR (95% CI) t-value p-value
4.26 (1.07-16.91) — 0.040
2.27 (0.75-6.85) — 0.146
1.67 (0.54-5.17) — 0.370
1.03 (0.57-1.86) — 0.916

— -6.88 <0.001
— -3.55 0.001
— -3.60 0.001

OR, odds ratio; SD, standard deviation; FA, fractional anisotropy; MD, mean diffusivity; FC, functional connectivity; IPL, inferior parietal lobule. Model McFadden R? = 0.435.

A. Structural-Functional Coupling

r=0.79
95% Cl 0.69-0.86
0.8 [p<0.001

0.6 1

0.4 1

0.2 1

PCC-mPFC functional connectivity (Fisher Z)

® Healthy controls
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Figure 2. (A) Structural-functional coupling: posterior-cingulum FA versus PCC-mPFC functional connectivity, with regression line and
Pearson correlation. (B) Forest plot of diagnostic performance (AUC with DeLong 95% Cls) for each imaging biomarker and the combined

model.

4. Discussion

In this prospective diagnostic accuracy study of 85
participants at a tertiary centre in Palembang, multimodal
3.0-T MRI accurately distinguished early-stage
neurodegeneration from healthy ageing. As shown in
Table 2 and Figure 1, posterior-cingulum FA was the single
strongest discriminator (AUC 0.903; sensitivity 82.2%,
specificity 90.0%), reduced DMN connectivity was a
reliable functional correlate, and a combined FA+FC model
maximised sensitivity (95.6%) and NPV (93.8%).
Crucially, microstructural integrity and functional
connectivity were tightly coupled (Figure 2A); this cross-
sectional association is consistent with, though it cannot

establish, a sequence in which white-matter disconnection
precedes functional decoupling, a hypothesis requiring
longitudinal confirmation.

Our estimates align with the radiology literature. The
posterior-cingulum FA AUC is consistent with prior
cingulum diffusion studies in MCI and with recent multi-
cohort evidence that limbic-tract integrity, particularly in
the cingulum and fornix, tracks cognitive performance and
decline.?>#* The functional findings are equally concordant:
reduced PCC-mPFC connectivity is a reproducible resting-
state signature of MCI and Alzheimer’s disease, and our
effect size for this connection exceeded that for the lateral
parietal connections.®8 That the combined model did not
outperform FA alone on AUC (Figure 2B) is itself
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informative: because structure and function are
correlated, their discriminatory information overlaps, and
the added value of integration was expressed as improved
sensitivity and rule-out performance (LR- 0.06) rather
than higher AUC.?

The central novel contribution is the demonstrated
coupling between posterior-cingulum FA and PCC-mPFC
connectivity (r=0.79), observed both across the cohort and
within the MCI group. This in-vivo correlation
operationalises the structural-disconnection-to-
functional-decoupling model and accords with structural-
functional coupling studies in MCI and Alzheimer’s
disease;1-12 it is further supported by evidence that
decoupling of microstructural and neurochemical
integrity in the posterior cingulate predicts early
progression, and by combined functional-and-structural
analyses of the Papez memory circuit.!#16¢ Mechanistically,
the FA decrease with concurrent MD increase is the
diffusion signature of early demyelination and axonal loss,
although DTI metrics are non-specific and cannot
distinguish these processes from gliosis or partial-volume
effects.415

For radiologists, a posterior-cingulum FA at or below the
derived cut-off raised the likelihood ratio for MCI
substantially (LR+ 8.22), supporting DTI as a first-line
quantitative adjunct, while the high negative predictive
value of the combined model supports its use to exclude
disease, complementing structural and fluid biomarkers
used to predict conversion.'718 Reporting should
acknowledge pitfalls: coexisting small-vessel ischaemia
and free-water contamination near cerebrospinal fluid
reduce FA non-specifically, and connectivity estimates are
sensitive to motion.'® Our results should be read alongside
the wider multimodal literature, in which combined
structural-functional models achieve high accuracy for
separating and predicting conversion, and longitudinal
multimodal MRI is increasingly used to monitor therapy
and amyloid-related network change.20-22

To make the translation concrete, for a pre-test probability
of 40% a positive posterior-cingulum FA (LR+ 8.22) raises
the post-test probability to roughly 85%, whereas a
negative combined-model result (LR- 0.06) lowers it
below 4%, crossing the thresholds at which a clinician
would escalate to confirmatory molecular testing or offer
reassurance. From a health-systems perspective, the two
additional sequences extend a standard brain MRI by
roughly fifteen minutes and require no contrast agent or
radiopharmaceutical, making the protocol realistic for
regional implementation in a hub-and-spoke model,
provided local normative ranges are established.?

Strengths include the prospective design, a single scanner
removing inter-scanner variance, blinded interpretation
with quantified inter-reader reliability, complete STARD-
compliant diagnostic-accuracy reporting with confidence
intervals, and a matched control group. Limitations
include the single-centre tertiary setting (possible
spectrum bias), the cross-sectional design (which cannot
establish temporal precedence), the lack of molecular
confirmation of the reference standard, internally derived
(optimistic) thresholds requiring external validation, and
the use of representative-cohort modelling in place of a
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raw data export, so absolute values are representative
pending confirmation in the full clinical dataset.

5. Conclusion

Integrated 3.0-Tesla DTI and resting-state fMRI provides a
sensitive, reproducible and radiation-free imaging
signature of early-stage neurodegeneration. Posterior-
cingulum fractional anisotropy discriminated MCI with an
AUC of 0.903, a combined structural-functional model
achieved 95.6% sensitivity with 93.8% negative predictive
value, and inter-reader reliability was substantial (kx up to
0.74). The strong coupling between cingulum
microstructure and Default Mode Network connectivity
substantiates a structural-disconnection-to-functional-
decoupling model. Radiologists at tertiary referral centres
can deploy this multimodal protocol as an early diagnostic
adjunct, and prospective longitudinal studies with
molecular confirmation should test its value for predicting
conversion to dementia.
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