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Limited predictive value of preoperative
nigrosome integrity formotor outcomes in
Parkinson’s disease deep brain
stimulation

Check for updates

Chao-Kai Hu1,2,3, Walaa B. Mohammed4, Yutong Bai3,5, Franziska Schmidt3,6, Tiffany A. Rodrigues7,
SuneilK.Kalia3,8,9, AlfonsoFasano4,8,9, JürgenGermann8,9,10, PaulaAlcaide-Leon7,11, AlexandreBoutet7,9,12 &
Andres M. Lozano3,8,9,12

Nigrosome-1, a substructure in the dorsolateral substantia nigra, is characterized by the “swallow tail
sign” (STS)—a dorsolateral nigral hyperintensity (DNH)—on susceptibility-weighted MRI in healthy
individuals. Loss of the STS reflects degeneration of nigrosome-1 and serves as a recognized
diagnostic marker for Parkinson’s disease (PD). However, its value in predicting disease severity and
deep brain stimulation (DBS) outcomes remains unclear. We retrospectively analyzed 27 PD patients
who underwent 3 T susceptibility map-weighted imaging (SMWI) derived from quantitative
susceptibility mapping (QSM) prior to DBS. Nigrosome integrity was graded on a four-point scale, and
patients were grouped as fully abnormal (Grade 4) or non-fully abnormal (Grades 1–3). No significant
group differences were found in baseline motor severity or postoperative improvement, although the
non-fully abnormal group showed lower absolute postoperativeUPDRS III scores.Nigrosomegrading
showed no consistent association with symptom lateralization, including contralateral tremor severity
or DBS responsiveness. These findings suggest that nigrosome integrity assessed by SMWI MRI—
while a validated diagnostic biomarker for PD—showed no moderate-to-large effects with either
disease severity or DBS outcomes. Although small effects cannot be excluded, their clinical relevance
would be uncertain. Nigral imaging should be interpreted within a broader multimodal framework
including clinical, imaging, and biochemical data.

Parkinson’s disease (PD) remains one of themost prevalent and debilitating
movement disorders, caused by progressive degeneration of dopaminergic
neurons in the substantia nigra pars compacta (SNpc)1. Although deep
brain stimulation (DBS) of the subthalamic nucleus (STN) or globus pal-
lidus internus (GPi) is an established intervention, clinical outcomes remain

highly variable. Approximately one quarter of patients experience sub-
optimal motor improvements (<30%)2–5 despite accurate electrode
placement3,6,7. These disparities highlight the need for more refined patient
selection strategies. Neuroimaging may offer objective biomarkers for
predicting DBS outcomes8.
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Current selection of candidates for DBS relies heavily on clinical
assessments, including motor severity scales such as the Movement Dis-
order Society – Unified Parkinson’s Disease Rating Scale (MDS-UPDRS),
lengthy tests such as responsiveness to levodopa, and expert neurological
evaluations9,10. However, symptom variability and subjective interpretation
limit predictive accuracy11–13. While fluid-based biomarkers, such as cere-
brospinal fluid (CSF) and blood-based assays, have been explored for PD
diagnosis14–16, their utility in DBS selection is constrained by cost and
invasiveness. In contrast, neuroimaging—already integrated into routine
clinical care—offers a more practical, objective, and scalable solution to
enhance patient stratification.

Recent advances in functional and metabolic imaging—such as 18F-
fluorodopa po-sitron emission tomography (PET) and dopamine trans-
porter (DaT) single-photon emission computerized tomography (SPECT)
—have enhanced our understanding of disease burden and informed
clinical decision-making17,18. However, few pre-operative imaging features
have demonstrated consistent associations with postoperative outcomes
following DBS.

Given that the degeneration of the SNpc is a pathological hallmark of
PD, imaging techniques that enable direct visualization of nigral structures
—particularly nigrosome-1—may offer valuable biomarkers for both dis-
ease progression and DBS outcome prediction19.

The swallow-tail sign (STS)20, a distinct dorsolateral nigral hyper-
intensity (DNH)21 observed on susceptibility-weighted imaging (SWI)
in healthy individuals, histologically corresponds to nigrosome-122. Loss
of this signal is a promising biomarker with high diagnostic accuracy
for PD, reflecting underlying nigrosome-1 degeneration19. Cao et al.
employed routine SWI, with STS disappearance detected in 67–77% of
PD patients and interrater reliability κ = 0.82–0.86. Accuracy
improvedmarkedly when combinedwith neuromelanin-sensitiveMRI
and T2 mapping (AUC 0.958; sensitivity 97%)23. Blazejewska et al.
showed consistent STS absence in all 10 PD patients at 7 T, albeit in a
small cohort24. Schwarz et al. reported >90% accuracy at 3 T SWI
(sensitivity 100%, specificity 95%, κ ≈ 0.82)25, confirming robustness at
clinical field strength. Emerging imaging modalities, including sus-
ceptibility map-weighted imaging (SMWI/tSWI) derived from quan-
titative susceptibility mapping (QSM), offer enhanced visualization of
nigral substructures and may enable grading of nigrosome-1
integrity26,27.

Despite these diagnostic advances, the role of nigrosome-1 integrity in
predicting DBS outcomes is unknown. Leveraging advanced imaging
techniques for nigrosome visualization, this study aims to determine whe-
ther pre-operative nigrosome-1 integrity is associated with (1) baseline
clinical features, including symptom severity andmotor asymmetry, and (2)
postoperative motor outcomes following DBS in PD patients. Identifying
such associations could establish nigrosome-1 integrity as a critical bio-
marker, shifting the paradigm toward personalized neuromodulation
strategies and optimized therapeutic outcomes in PD.

Results
As described in the Methods section, a total of 27 patients were included in
the analysis: 9 in the non-fully abnormal group (6 males, 3 females) and 18
age- and sex- matched controls in the fully abnormal group (12 males, 6
females). Within the non-fully abnormal group, one female patient exhib-
ited bilaterally normal nigrosomes, while three patients had symmetric
grade 3 findings, classified as probably abnormal. The remaining five
patients demonstrated asymmetric nigrosome abnormalities bilaterally
(detailed side-specific nigrosome grading per patient is available in Sup-
plementary Table 1). In contrast, all patients in the fully abnormal group
showed bilaterally abnormal nigrosomes (Grade 4).

Preoperative nigrosome and baseline clinical features
The 9 patients in the non-fully abnormal group—including a surgical
subgroup of 6 (5 STN-DBS, 1 GPi-DBS)—were compared to all 18 patients
in the fully abnormal group (10 STN-DBS, 8 GPi-DBS), as detailed in

Table 1. Baseline clinical characteristics—including age, sex, disease dura-
tion, levodopa responsiveness, and other motor-related measures—did not
differ significantly between the two groups (Fig. 1).

When laterality was taken into consideration based on the presence or
partial preservation of nigrosome structure, side-specific motor severity—
assessed by contralateral UPDRS and tremor scores—also showed no sig-
nificant differences between the groups. These findings suggest no apparent
relationship between preoperative nigrosome integrity and baseline motor
symptom severity.

As a final step, we explored the relationship between baseline clinical
characteristics and the full four-point nigrosome integrity scale (Grades 1 to
4) for each hemisphere, rather than using a binary classification. No con-
sistent trends were observed to indicate that greater structural degeneration
was associated with more severe contralateral motor symptoms (See also
Supplementary Table 2 for details).

Effect size analyses across clinical, side-specific, and graded compar-
isons further demonstrated small estimates with wide confidence intervals
frequently crossing zero, underscoring the limited precision of these find-
ings in the context of the available sample size (Table 1 and Supplementary
Fig. 2). After FDR correction, only the group difference in total nigrosome
grading remained significant (q = 0.015). All other comparisons and cor-
relations did not survive correction (all q > 0.05; Supplementary Table 3).

These findings suggest that nigrosome structural changes on pre-
operative imaging did not exhibit a moderate-to-large association with the
severity of baselinemotor impairment in this cohort. The possibilityof small
effects cannot be ruled out. The absence of consistent baseline nigral ima-
ging findings motivated further investigation into whether nigrosome
integrity might instead be predictive of postoperative motor outcomes.

Preoperative nigrosome and postoperative outcomes
The 6 patients in the non-fully abnormal group who underwent DBS
(5 STN-DBS, 1 GPi-DBS) were compared to all 18 patients in the fully
abnormal group (10 STN-DBS, 8 GPi-DBS), as detailed in Table 2. The
distribution of DBS targets did not differ significantly between groups.
Baseline clinical features—including age, sex, follow-up duration, and
response to the levodopa challenge—were comparable across groups. At the
optimal postoperative status, the non–fullly abnormal group demonstrated
significantly lower total UPDRS III scores (W= 96.5, P = 0.005, Mann-
Whitney U test) and gait scores (W= 94.5, P = 0.004, Mann-Whitney U
test) compared to the fully abnormal group (Supplementary Table 4).
However, no significant differences were observed in score differences
(Δ = preoperative – postoperative) for either total UPDRS III (W= 43,
P = 0.483) or gait (W= 33.5, P = 0.149), respectively. Other clinical para-
meters—including freezing of gait, speech, tremor severity, and LEDD
reduction—also showed no significant group differences (all P > 0.05,
Mann–Whitney U test; Fig. 2).

When analyzed by hemisphere, both right- and left-sided Post-
operativeUPDRS scores were significantly lower in the non–fully abnormal
surgical subgroup compared to the fully abnormal group (right: W = 92,
p = 0.012; left: W = 88.5, p = 0.023; Mann–Whitney U test; Supplementary
Table 5). Nevertheless, the relative improvement on each side remained
statistically comparable between groups (right: W = 32.5, p = 0.161; left:
W = 43.5, p = 0.503;Mann–WhitneyU test). Thesefindings suggest that the
therapeutic benefit of DBS is not significantly influenced by the degree of
preoperative nigrosome integrity.

In a more detailed analysis of laterality using the four-point
nigrosome grading scale, a correlation was found between left-sided
nigrosome grade and right-sided postoperative UPDRS scores
(Spearman r = 0.50, 95% CI 0.12–0.77; p = 0.013); however, the
explained variance was low (R² = 0.183), suggesting limited predictive
value (Supplementary Table 6). Notably, this association did not hold
when analyzing improvement scores difference (Δ), and the same was
true for left-sided postoperative UPDRS and tremor scores, whether
assessed by hemisphere or using overall nigrosome grades. These
findings suggest that preoperative nigrosome integrity, as assessed by

https://doi.org/10.1038/s41531-025-01191-w Article

npj Parkinson’s Disease |          (2025) 11:343 2

www.nature.com/npjparkd


T
ab

le
1
|D

em
o
g
ra
p
hi
c,

cl
in
ic
al
,a

nd
ni
g
ro
so

m
e-
re
la
te
d
fe
at
ur
es

w
it
h
g
ro
up

co
m
p
ar
is
o
ns

,e
ff
ec

t
si
ze

es
ti
m
at
es

,a
nd

si
d
e-
sp

ec
ifi
c
co

rr
el
at
io
ns

C
ha

ra
ct
er
is
ti
cs

G
ro
up

co
m
p
ar
is
o
n
b
y
N
ig
ro
so

m
e
st
at
us

P
-v
al
ue

H
ed

g
es

’
g

95
%

C
I

S
id
e-
sp

ec
ifi
c
co

rr
el
at
io
n
b
y

N
ig
ro
so

m
e
g
ra
d
in
g

N
o
n-
fu
lly

ab
no

rm
al

(n
=
9)

Fu
lly

ab
no

rm
al

(n
=
18

)
Le

ft
N
ig
ro
so

m
e

R
ig
ht

N
ig
ro
so

m
e

S
ec

ti
o
n
1.

C
lin

ic
al

fe
at
ur
es

N
ig
ro
so

m
e
gr
ad

in
g
—

to
ta
ls
co

re
5.
33

±
1.
73

8
±
0

<
0.
00

1
−
2.
64

6
(−

3.
73

1,
−
1.
56

0)

A
ge

—
ye

ar
64

.2
2
±
9.
82

1
66

.3
3
±
5.
73

9
0.
75

6
−
0.
28

0
(−

1.
08

4,
0.
52

4)

Fe
m
al
e
se

x
—

no
.(
%
)

3
(3
3)

6
(3
3)

1.
00

0
0

(−
0.
77

4,
+
0.
77

4)

D
is
ea

se
d
ur
at
io
n
—

ye
ar

9.
33

±
2.
96

12
.2
8
±
7.
76

0.
32

5
−
0.
43

2
(−

1.
24

2,
0.
37

7)

Fo
llo

w
up

p
er
io
d
—

d
ay

22
9.
71

±
23

9.
98

22
3.
06

±
15

0.
41

0.
44

9
0.
03

5
(−

0.
76

5,
0.
83

5)

To
ta
lU

P
D
R
S

28
.7
8
±
19

.5
7

37
.6
7
±
20

.3
9

0.
29

1
−
0.
42

8
(−

1.
23

7,
0.
38

1)

Le
vo

d
op

a
ch

al
le
ng

e
te
st

—
%

62
.2
6
±
18

.4
7

57
.6
1
±
19

.9
7

0.
42

5
0.
23

1
(−

0.
57

2,
1.
03

4)

G
ai
t

1.
11

±
1.
05

1.
28

±
0.
96

0.
69

1
−
0.
16

7
(−

0.
96

8,
0.
63

5)

FO
G

0.
11

±
0.
33

0.
39

±
0.
85

0.
47

0
−
0.
37

4
(−

1.
18

1,
0.
43

3)

S
p
ee

ch
0.
89

±
1.
05

1.
11

±
0.
83

0.
42

6
−
0.
23

5
(−

1.
03

8,
0.
56

7)

LE
D
D

11
90

.1
1
±
48

0.
74

12
72

.1
7
±
48

6.
83

0.
62

5
−
0.
16

4
(−

0.
96

6,
0.
63

7)

S
ec

ti
o
n
2.

S
id
e-
sp

ec
ifi
c
m
o
to
r
sy

m
p
to
m

sc
o
re
s

r
/
P
-v
al
ue

r
/
P
-v
al
ue

95
%

C
I

R
ig
ht

si
d
e
sy
m
p
to
m
s

U
P
D
R
S

10
.8
9
±
7.
27

13
.3
3
±
6.
61

0.
40

6
−
0.
34

7
(−

1.
15

2,
0.
45

9)
0.
11

/0
.6
01

(−
0.
28

6,
0.
46

7)

Tr
em

or
2.
67

±
4.
77

2.
28

±
2.
82

0.
93

5
0.
10

6
(−

0.
69

5,
0.
90

7)
0.
10

/0
.6
33

(−
0.
29

5,
0.
45

9)

Le
ft
si
d
e
sy
m
p
to
m
s

U
P
D
R
S

9.
89

±
8.
18

12
.6
7
±
7.
27

0.
38

1
−
0.
35

6
(−

1.
16

2,
0.
45

0)
0.
09

/0
.6
65

(−
0.
30

3,
0.
45

2)

Tr
em

or
2.
56

±
3.
5

2.
06

±
2.
67

0.
72

2
0.
16

4
(−

0.
63

8,
0.
96

5)
−
0.
12

/0
.5
64

(−
0.
47

5,
0.
27

6)

Th
is
ta
b
le
su

m
m
ar
iz
es

d
em

og
ra
p
hi
c
an

d
cl
in
ic
al
ch

ar
ac

te
ris

tic
s
of

th
e
st
ud

y
co

ho
rt
,c

om
p
ar
in
g
p
at
ie
nt
s
w
ith

fu
lly

ab
no

rm
al
an

d
no

n-
fu
lly

ab
no

rm
al
ni
gr
os

om
e
fi
nd

in
gs

.G
ro
up

-l
ev

el
co

m
p
ar
is
on

s
ar
e
p
re
se

nt
ed

as
m
ea

n
±
st
an

d
ar
d
d
ev

ia
tio

n
or

co
un

ts
(%

),
w
ith

p
-v
al
ue

s
d
er
iv
ed

p
rim

ar
ily

fr
om

M
an

n–
W
hi
tn
ey

U
te
st
s,
as

ap
p
ro
p
ria

te
.I
n
ad

d
iti
on

,s
ta
nd

ar
d
iz
ed

ef
fe
ct

si
ze

es
tim

at
es

(H
ed

ge
s’
g)

w
ith

95
%

co
nfi

d
en

ce
in
te
rv
al
s
(C
I)
ar
e
p
ro
vi
d
ed

to
q
ua

nt
ify

th
e
m
ag

ni
tu
d
e
of

b
et
w
ee

n-
gr
ou

p
d
iff
er
en

ce
s
b
ey

on
d
st
at
is
tic

al
si
gn

ifi
ca

nc
e.

Fu
rt
he

rm
or
e,

S
p
ea

rm
an

co
rr
el
at
io
n
co

ef
fi
ci
en

ts
(ρ
)a

nd
p
-v
al
ue

s
ar
e
p
re
se

nt
ed

fo
r
si
d
e-
sp

ec
ifi
c
ni
gr
os

om
e
gr
ad

es
(1
–
4)

an
d
co

nt
ra
la
te
ra
lm

ot
or

sy
m
p
to
m

se
ve

rit
y.

U
P
D
R
S
U
ni
fi
ed

P
ar
ki
ns

on
’s

D
is
ea

se
R
at
in
g
S
ca

le
,F

O
G
fr
ee

zi
ng

of
ga

it,
LE

D
D
le
vo

d
op

a
eq

ui
va

le
nt

d
ai
ly
d
os

e,
C
I

co
nfi

d
en

ce
in
te
rv
al
.

https://doi.org/10.1038/s41531-025-01191-w Article

npj Parkinson’s Disease |          (2025) 11:343 3

www.nature.com/npjparkd


structural imaging, has limited utility in predicting side-specific
postoperative motor outcomes.

Effect size analyses of postoperative improvement across group-wise,
side-specific, and graded comparisons further demonstrated small estimates
with wide confidence intervals frequently crossing zero, underscoring the
limitedprecisionof thesefindings andprovidingno consistent evidence that
preoperativenigrosomegradingpredicts postoperativemotor gains (Table 2

and Supplementary Fig. 3). After FDR correction, all comparisons and
correlationsdidnot survive correction (all q > 0.05; SupplementaryTable 7).

Collectively, postoperative analyses indicated that preoperative
nigrosome integrity—whether classified categorically or on a graded scale—
did not demonstrate a moderate-to-large effect in predicting side-specific
motor improvements or overall DBS benefit. Small effects cannot be
excluded. While a weak hemispheric trend was noted, its negligible effect

Fig. 1 | Group-wise distributions of clinical and nigrosome metrics. Violin plots
depict the distributions of clinical characteristics and nigrosome-related measures
between the Fully Abnormal (pink) and Non-fully Abnormal (blue) groups. Each
violin includes individual data points, boxplots showing the median and

interquartile range, and the overall distribution shape. The color gradient of the
points indicates Nigrosome Grading (total score, range 2–8). UPDRS Unified Par-
kinson’s Disease Rating Scale, FOG freezing of gait, LEDD levodopa equivalent
daily dose.
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Fig. 2 | Operated patient characteristics and motor outcomes by nigrosome
grading. Violin plots illustrate baseline characteristics and postoperative motor
outcomes in the Fully Abnormal group versus the Non-fully Abnormal surgical
subgroup. Each violin displays the distribution of individual values, with boxplots
indicating the median and interquartile range. The color gradient of individual data

points reflects Nigrosome Grading (total score, range 2–8). Δ values indicate
preoperative–postoperative score differences, with positive values representing
clinical improvement. DBS deep brain stimulation; STN subthalamic nucleus, GPi
globus pallidus internus, UPDRS Unified Parkinson’s Disease Rating Scale, FOG
freezing of gait, LEDD levodopa equivalent daily dose.
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size and limited explanatory power highlight the minimal clinical utility of
nigrosome grading as a predictive biomarker in this context.

Discussion
In this study, aside from a modest lateralized correlation between left
nigrosome score and contralateral motor outcome, no significant
associations were found between preoperative nigrosome integrity—as
visualized using advanced 3 T MRI techniques—and baseline clinical
features or postoperative motor outcomes. Our study was sufficiently
powered to detect moderate-to-large effects. Any small associations
would likely be of limited clinical utility relevant to DBS patient
selection. These findings imply that, although nigrosome imaging has
diagnostic utility, this marker alone may have limited prognostic value
as a selection criterion for DBS surgery.

Notably, we identified 9 PD patients (out of 68) who exhibited non-
fully abnormal nigrosomes yet were deemed suitable candidate for DBS
surgery. This subgroup even included a patient with bilaterally normal
nigrosomes who demonstrated a favorable response to DBS. Importantly,
effect size analyses consistently yielded small estimateswithwide confidence
intervals frequently crossing zero, which argues against the presence of a
large or clinically meaningful effect. Nevertheless, smaller associations
cannot be definitively excluded, underscoring the need for larger cohorts to
fully evaluate the predictive value of nigrosome grading.

Although Ultra-high-field 7 T MRI enhances visualization of fine-
grained, iron-rich subcortical nuclei and achieves over 90% diagnostic
accuracy for nigrosome-1 loss28–30, our 3 T findings align with emerging
evidence that nigral degeneration correlates poorly with functional reserve
in advanced PD31. Froman imaging standpoint, while SWI can detect nigral
hyperintensity, it lacks quantification capabilities, limiting its usefulness for
monitoring Parkinsonism progression. In contrast, DaT imaging, such as
123I-2β-carbomethoxy-3β-(4-iodophenyl)-N-(3-fluoropropyl)-nortropane
(123I-FP-CIT) SPECT, provides quantifiable striatal uptake, enabling both
diagnosis and longitudinal monitoring of disease progression. Recent
advancements in deep learning have further enhanced the integration of
SPECT and MRI to predict nigrostriatal dopaminergic degeneration. If
nigral hyperintensity loss on MRI proves to correlate with declining DaT
uptake, combining SWI and SPECT may allow MRI to function as a pre-
dictive biomarker for Parkinsonism32.

Another critical factor is the role of compensatory mechanisms,
spanning from local synaptic plasticity to reorganization of the basal
ganglia–thalamocortical circuit33,34. In some cases, preserved striatal
dopamine terminals may sustain motor function through mechanisms
like DaT downregulation or increased dopamine synthesis35,36. These
adaptations may help explain the frequent mismatch between tracer
uptake and motor symptom severity. Beyond subcortical processes,
Johansson et al. recently demonstrated that clinical variability in PD is
more closely linked to compensatory activity in the parieto-premotor
cortex than to basal ganglia dysfunction. While striatal dopamine
preservation may support basal ganglia plasticity, cortical compensa-
tion plays a central role in shaping clinical outcomes37. Taken together,
this growing body of evidence supports the notion that nigral pathol-
ogy alone is unlikely to be sufficient to reliably predict disease severity
or therapeutic responsiveness in PD.

Similarly, the relationship between nigrosome asymmetry and
clinical laterality remains uncertain. Several studies have established a
strong association between nigrosome-1 abnormalities and clinical
motor asymmetry in PD. Stezin et al. reported that poorly visualized
nigrosome-1 correlated with greater contralateral motor asymmetry in
64.8% of cases38, while Noh et al. found high concordance between
clinical asymmetry and contralateral nigrosome loss39. In contrast, our
findings do not support a lateralizing effect of nigrosome-1 abnorm-
alities, aligning more closely with the results of Kathuria et al., who
demonstrated that nigrosome imaging with 3 T MRI and 18F-DOPA
PET failed to consistently predict the predominant clinical side40. The
lack of correlation may stem from heterogeneous compensatory

responses across different disease stages, reinforcing the need for
multimodal imaging approaches to improve prognostic
accuracy in PD.

Among the non-fully abnormal nigrosome cohort, one particularly
noteworthy case is that of a 69-year-old patient with an 11-year history of
PD. Despite exhibiting completely normal nigrosome imaging, her diag-
nosis was confirmed through a comprehensive neurological assessment and
clinical evaluation. At baseline, her OFF-medication UPDRS III score was
71, yet she demonstrateda 77% improvement in the levodopa challenge test.
Consequently, she underwent bilateral GPi DBS implantation in con-
sideration of her prominent axial symptoms, particularly impairments in
balance and phonation. Postoperatively, her UPDRS III score improved to
20, reflecting a remarkable 72% improvement. Importantly, this case
underscores the value of a multimodal biomarker approach, such as DaT
imaging, to refine diagnostic accuracy and optimize patient stratification41.
The absence of DaT-SPECT imaging in this patient is a key limitation, as it
couldhaveprovided critical insight into the relationship betweennigrosome
integrity andpresynaptic dopaminergic function. The observeddiscordance
may reflect compensatory mechanisms or extranigral pathology, reinfor-
cing the need for integrative imaging strategies in assessingDBS candidates.

BeyondDaT imaging, advancedmodalities such as perfusion SPECT42,
dopaminergic PET43,44, and diffusion-based microstructural MRI
techniques45–47 offer complementary perspectives on disease biology.When
integrated with connectomic analyses, these techniques enhance the pre-
cisionofDBS targeting48.While eachmodality contributes unique strengths,
converging evidence supports a multimodal strategy that synthesizes
structural, functional, and network-level data as the most promising path-
way toward personalized outcome prediction in PD neuromodulation.

Reviewing the application of the STS on SWIMRI,most studies report
fair-to-high diagnostic accuracy in distinguishing PD from healthy
controls49, largely due to improved visualization of the nigrosome and
reduced confounds from vascular and anatomical variants50. However,
diagnostic performance remains inconsistent due to factors suchas lowfield
strength (e.g., 1.5 T)51, protocol heterogeneity52, disease duration53, and the
need for experienced raters. Given these limitations, few studies have
advanced to rigorously evaluate whether detailed STS grading correlates
with disease severity or predicts DBS outcomes. Our findings address this
gap, albeit with negative results, emphasizing the need for a more com-
prehensive imaging framework.

Several limitations warrant consideration. The absence of DaT
imaging in this cohort limited opportunities for direct comparison
with dopaminergic imaging, which could have provided com-
plementary validation. At the same time, reliance on visual nigrosome
gradingmay still entail a degree of reader bias, highlighting the value of
future quantitative or automated approaches. Our cohort encom-
passed both STN and GPi targets and included a spectrum of clinical
presentations, reflecting a typical phenotypic diversity inherent to
Parkinson’s disease when selecting DBS patients. This reflects real-
world clinical diversity and thus enhances the external validity of our
observations. However, detailed characterization of tremor pre-
dominance, motor fluctuations, and dyskinesias was not systematically
available. As such, potential influences of these features on DBS target
selection and postoperative outcomes could not be assessed, which
should be addressed in future studies. More fundamentally, the ret-
rospective design and relatively small number of patients without fully
abnormal nigrosomes increase the risk of Type II errors, particularly in
subgroup analyses (e.g., lateralized outcomes). Although small effects
cannot be excluded, such effects are typically difficult to translate into
meaningful clinical uses. The 2:1 controls/cases matching approach is
consistent with common methodological practice, but instead of using
the entire available control group, this may have reduced statistical
power, potentially obscuring subtle effects. Independent replication in
larger, prospectively acquired datasets will be critical to corroborate
and generalize these preliminary findings. Additionally, the ≤2-year
follow-up period limits the evaluation of long-term DBS outcomes,
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where disease progression and neuroadaptive plasticity may further
influence the relationship between baseline nigrosome integrity and
treatment response.

While nigrosome-1 integrity assessed via 3 T SMWIMRI remains
diagnostically informative for PD, no moderate-to-large associations
were observed with baseline clinical features or postoperative DBS
outcomes in this small and heterogeneous cohort. Although small
effects cannot be excluded, such effects are generally difficult to
translate into meaningful clinical benefits. These findings suggest that
nigral imaging may have limited predictive value as a standalone
biomarker and should instead be interpreted within the context of
broader clinical and imaging measures. Future efforts should focus on
validating these observations in larger, prospective cohorts and inte-
grating nigrosome assessment into multimodal biomarker frameworks
to support individualized DBS planning.

Methods
DBS patient population
Upon approval by the University Health Network (UHN) Research Ethics
Board (REB #24-5181.0), we retrospectively identified 70 consecutive
patients with suspected PD who were deemed eligible for DBS surgery and
underwent pre-operative 3.0 TMRI for DBS planning using a standardized
movement disorders protocol at UHN between February 2022 and Feb-
ruary 2024. Given its retrospective design and use of de-identified clinical
data, the requirement for informed consent was waived.

Of the initial cohort, two patients were subsequently diagnosed with
essential tremor and excluded, yielding a final cohort of 68 patients with
confirmed PD. Eligible participants were adults (≥18 years) with compre-
hensive clinical documentation and longitudinal follow-up. Clinical data
collected included age, sex, disease duration, levodopa responsiveness,
motor severity, and daily dopaminergic medication burden. Motor severity
was assessed using the MDS-UPDRS Part III, and daily dopaminergic
medication burden was quantified as levodopa equivalent daily dose
(LEDD), calculated using standardized conversion formulas54. DBS elig-
ibility assessment and surgical procedures were performed according to our
previously published institutional protocol55. Target selection (STN vs GPi)
followed established criteria as described in Dallapiazza et al.56. Post-
operative motor severity was evaluated at each patient’s optimal clinical
state, defined as the time point of best motor response occurring between 3
and 12 months following surgery. To assess symptom laterality, total
appendicular MDS-UPDRS and tremor subscores from the side con-
tralateral to DBS implantation were analyzed.

MRI acquisition and nigrosome identification
MRI was performed using a 3 T Siemens Vida scanner following a stan-
dardizedmovement disorders protocol.Nigrosome-1 imagingwas acquired
using an axial 3D multi-echo spoiled gradient echo sequence with
0.5 × 0.5 mm in-plane resolution and 1mm slice thickness (voxel size
0.5 × 0.5 × 1mm; 36 slices per slab). Imaging parameters included
TR = 48.0 ms, TE = 39.00ms, flip angle = 20°, and GRAPPA (acceleration
factor= 2),with a 5:18min acquisition time.Post-processingwas conducted
using STI Suite in MATLAB (R2019a) and SmWI Tools v0.9257, which
enhances contrast based on magnetic susceptibility differences. Processing

included root sum of squares image generation, Laplacian phase unwrap-
ping, harmonic background phase removal (HARPERELLA), and QSM
reconstruction, ultimately producing the susceptibility map-weighted
image58,59.

All MRI scans were independently reviewed by a board-certified
neuroradiologist, a neuroradiology fellow, and a radiology resident, all
blinded to clinical data. Interrater reliability was calculated between two
readers, with discrepancies adjudicated by a senior neuroradiologist with
over 13 years of experience. In our own cohort of 248 patients including 133
withPD, absenceof nigral hyperintensity onSMWIhad sensitivity of 92.0%,
specificity of 95.8%, accuracy of 93.1%, and interrater reliability of κ = 0.88
(unpublished, manuscript submitted).

The STSwas assessedusinga four-point scale derived from the original
five-point ordinal scale proposed by Shams et al., where Grade 0 = unsure,
1 = definitely normal, 2 = probably normal, 3 = probably abnormal, and
4 = definitely abnormal60 (Fig. 3). In thismodified version, only Grades 1 to
4 were used, with Grade 0 excluded from analysis to ensure consistency in
applying a four-point scale throughout the study. Patients were subse-
quently categorized as fully abnormal (Grade = 4) or non-fully abnormal
(Grades = 1-3). Although prior studies have consistently shown nigrosome
abnormalities in PD—both on susceptibility-based imaging with SMWI61

and on 7 T neuromelanin imaging with near-perfect diagnostic accuracy
(sensitivity 95–100%, specificity 96–100%)62—we unexpectedly observed
that nine patients in our DBS cohort exhibited non–fullly abnormal
nigrosome findings. To investigate these subgroups, we identified an age-
and sex- matched control group (n = 18) from the fully abnormal cohort.
We first evaluated the relationship between preoperative nigrosome
integrity and baseline motor function, followed by an analysis of its asso-
ciation with postoperative outcomes. For the latter analysis, three patients
from the non–fully abnormal group were excluded due to either not
undergoing surgery or lacking postoperativeMDS-UPDRS III data (Fig. 4).

Statistical analysis
Descriptive data are reported as counts and percentages. For
continuous data, the Shapiro–Wilk test was used to assess normality.
Non-normally distributed variables were analyzed using the
Mann–Whitney U test. Categorical variables were compared using the
χ² test or Fisher’s exact test, as appropriate. Descriptive statistics were
reported as means ± standard deviations for continuous variables and
counts with corresponding percentages for categorical variables. We
analyzed the relationship between nigrosome grading and con-
tralateral baseline, as well as postoperative UPDRS scores, primarily
focusing on score differences (Δ), calculated as: preoperative – post-
operative values. In this context, positive Δ values indicate clinical
improvement. Effect sizes (Hedges’ g with 95%CIs) were calculated for
group-wise and side-specific comparisons at baseline and post-
operatively. Associations were assessed using Spearman’s correlation
coefficients (r) with 95% CIs derived from Fisher’s z transformation.
Statistical analysis was conducted using R (version 4.4.1; R Foundation
for Statistical Computing, Vienna, Austria), with a two-tailed sig-
nificance threshold set at p < 0.05. P-values were also adjusted for
multiple testing using the Benjamini–Hochberg false discovery rate
(FDR) method.

Fig. 3 | Swallow tail sign (STS) rating scale.
Representative axial SMWI (Susceptibility-Weigh-
ted Imaging) slices illustrating the four-point ordi-
nal rating scale for the swallow tail sign. The STSwas
rated as follows:❶= definitely normal,❷=probably
normal, ❸ = probably abnormal, ❹ = definitely
abnormal.
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Data availability
Due to privacy and ethical restrictions, the datasets generated and/or ana-
lyzed during the current study are not publicly available but can be obtained
from the corresponding author upon reasonable request and with appro-
priate institutional approvals.
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