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Abstract
Objective
To verify the ability of super-resolution ultrasound (SRUS) microvascular imaging in assessing Takayasu’s
arteritis (TAK) activity and predicting prognosis.

Methods
Between November 2023 and July 2024, 70 patients with TAK were consecutively included; disease activity was
assessed per the 1990 American College of Rheumatology classification criteria (26 active, 44 inactive). B-mode
ultrasound (US), conventional contrast-enhanced ultrasound (CEUS), and SRUS microvascular imaging examinations
were performed at the carotid site with maximal wall involvement using the Resona A20 system equipped with a
SL10-3U linear transducer. We compared diagnostic performance of individual markers and combined models for
disease activity and evaluated deterioration-free survival with Kaplan-Meier analysis.

Results
Carotid vasa vasorum was detected by SRUS microvascular imaging in 14 patients (11 active, 3 inactive), while
it was not observed in the remaining 56 cases (41 inactive, 15 active). Presence of vasa vasorum correlated strongly
with disease activity (p<0.001), demonstrating 42.3% sensitivity, 93.2% specificity, and 74.3% accuracy. The prediction
model constructed based on clinical and US characteristics demonstrated high accuracy in assessing TAK activity
(area under the curve=0.900). Among 41 patients completing follow-up (17 active, 24 inactive; mean 8.7+2.7 months),
patients with inactive TAK maintained stable disease (only I relapsed to active phase). Among patients with
active TAK, those with vasa vasorum demonstrated significantly poorer outcomes: only 2/7 (28.6%) achieved
remission versus 9/10 (90%) without vasa vasorum (p=0.036).

Conclusion
SRUS detection of carotid vasa vasorum serves as a useful indicator for assessing the activity and severity of TAK.

Key words
Takayasu’s arteritis, vasa vasorum, carotid artery diseases, diagnostic imaging, ultrasonography,
sensitivity and specificity, predictive value of tests
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Introduction

Takayasu’s arteritis (TAK) is a rare
chronic large-vessel vasculitis predom-
inantly affecting young women (1). The
disease primarily targets the aorta and
its major branches, manifesting histo-
logically as granulomatous inflamma-
tion of the vascular wall (2). Carotid
involvement represents the most preva-
lent vascular manifestation in TAK, af-
fecting 45-84% of patients (3). Char-
acterised by an insidious disease onset,
TAK frequently presents with non-spe-
cific constitutional symptoms such as
fatigue, low-grade fever, and arthralgia
during the early ‘pre-pulseless’ phase
(4). This clinical ambiguity complicates
diagnosis and often delays therapeutic
intervention. Inadequately treated TAK
is associated with higher disability and
mortality compared to the general pop-
ulation (5).

Imaging modalities including ultra-
sound (US), computed tomography an-
giography (CTA), and magnetic reso-
nance angiography (MRA) play a criti-
cal role in distinguishing active from
inactive TAK and thereby guide clini-
cal management and tailored treatment
regimens (6-8). Specifically, US has
been validated as a reliable modality
for evaluating vascular involvement in
large-vessel vasculitis and is also recog-
nised as the most effective method for
carotid assessment (9, 10). Among US
techniques, contrast-enhanced ultra-
sound (CEUS) can demonstrate carotid
wall neovascularisation and serve as a
potential biomarker of disease activity
in patients with TAK (11). Convention-
al CEUS, however, infers microcircu-
latory changes indirectly through the
degree of enhancement produced by
the intravascular contrast agent, rather
than by directly visualising the carotid
vasa vasorum (12). Furthermore, the in-
terpretation of CEUS findings remains
operator-dependent, introducing inher-
ent subjectivity in evaluations.
Super-resolution ultrasound (SRUS) mi-
crovascular imaging achieves unprec-
edented visualisation of microvascular
architecture by continuously tracking
and localising microbubble (MB) cen-
troids within the vascular lumen at sub-
wavelength spatial resolution (13, 14).
SRUS overcomes the diffraction limit

inherent to conventional US and enables
non-invasive assessment of tissue perfu-
sion at microscopic scales, permitting
quantitative analysis of haemodynamic
parameters (15). Researchers have ap-
plied SRUS microvascular imaging pre-
liminarily to cerebrovascular imaging
(16), atherosclerotic plaque assessment
(17), and renal disease evaluation (18).
Prior reports indicate that SRUS can
directly visualise carotid vasa vasorum
in patients with active TAK, providing
critical insights into TAK assessment
(19, 20). Nevertheless, existing studies
remain limited by small cohort sizes
(<20 cases), insufficient exploration
of correlations between SRUS micro-
vascular imaging features and clinical
parameters, and lack of longitudinal
follow-up to assess prognostic implica-
tions of imaging findings.

The objective of this study was to per-
form SRUS microvascular imaging
examinations in patients with TAK
exhibiting carotid involvement and to
verify the ability of this technique in
assessing disease activity and predict-
ing prognosis.

Materials and methods

Participants

We recruited consecutive patients with
TAK from Zhongshan Hospital, Fudan
University between November 2023
and July 2024.

Inclusion criteria were as follows:

(a) patients aged =18 years; (b) those
with TAK diagnosis fulfilling the 1990
American College of Rheumatology
(ACR) classification criteria (21); and
(c) those with radiologically confirmed
carotid involvement by CTA or MRA.
Exclusion criteria were as follows:

(a) patients with contraindications to
US contrast agents; (b) those with sub-
optimal image quality or incomplete
clinical data; and (c) those that de-
clined study participation.

The Clinical Research Ethics Com-
mittee of Zhongshan Hospital, Fudan
University approved the study pro-
tocol (approval no.: B2022-189). We
obtained written informed consent
obtained from all participants prior to
enrolment. The study procedures were
conducted in accordance with the tents
of the Helsinki Declaration of 1983.
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B-mode US images acquisition

We performed US examinations using
the Resona A20 system (Mindray Bio-
Medical Electronics Co., Ltd., Shenz-
hen, China) equipped with an SL10-3U
linear transducer. A vascular US spe-
cialist (HH >10 years of clinical ex-
perience), conducted all examinations
and remained blinded to participants’
clinical histories throughout the study.
Participants were positioned supine
with adequate neck exposure and then
bilateral carotid arteries were system-
atically scanned in both longitudinal
and transverse planes. We identified
the arterial segment with maximal wall
thickness as the most prominent lesion
and measured carotid wall thickness,
internal diameter, and external diam-
eter at that site.

CEUS images acquisition

We administered contrast agent via an-
tecubital venous access using 1.5 mL
SonoVue (Bracco, Milan, Italy), fol-
lowed by a 5 mL saline flush to opti-
mise microbubble (MB) circulation.
CEUS acquisition focused on the most
prominent lesion, maintaining strict
centring within the imaging plane.
Dynamic contrast enhancement was
continuously recorded for 120 seconds
after contrast agent injection.

SRUS microvascular imaging
acquisition

After 15 min of the first CEUS, the con-
trast agent was essentially undetectable
within the carotid artery. Subsequently,
a second bolus of 1.5 mL SonoVue
was administered via the antecubital
vein. The SRUS microvascular imag-
ing mode was activated, focusing on the
most prominent lesion. When B-mode
imaging visually confirmed MBs in the
carotid lumen, we instructed partici-
pants to hold their breath to minimise
motion artifacts. We stabilised the probe
and collected dynamic images for 6 s.

Interpretation of CEUS

and SRUS microvascular imaging
Three radiologists independently inter-
preted CEUS and SRUS microvascular
imaging: a senior radiologist (HH with
>10 years of experience), a mid-level
radiologist (TTF with 5 years of expe-
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74 initially enrolled TAK
patients

documentation

Incomplete clinical
(n=2)

>._

Refusal to undergo
additional examinations
(n=2)

70 eligible TAK patients

26 active TAK patients

44 inactive TAK patients

Fig. 1. Flowchart for patient recruitment in this study.

TAK: Takayasu’s arteritis.

rience); and a junior radiologist (PC
with 2 years of experience). The senior
radiologist trained the other two radi-
ologists in the interpretation of carotid
CEUS and SRUS microvascular imag-
ing before study initiation. The three
radiologists jointly analysed images
from 20 patients with TAK, who were
not included in the present cohort, to
standardise interpretation. We desig-
nated the senior radiologist’s interpre-
tation as the definitive assessment.

We graded CEUS semi-quantitatively
as follows: Grade O: no vascularisa-
tion (absence of MB within the lesion);
Grade 1: limited vascularisation (lim-
ited visualisation of moving MB in the
lesion); Grade 2: moderate vascularisa-
tion (moderate visualisation of moving
MB in the lesion); Grade 3: severe vas-
cularisation (extensive wall vasculari-
sation with MBs clearly seen). Carotid
wall enhancement on CEUS correlates
with histologically confirmed neovas-
cularisation; greater enhancement cor-
responds to higher micro vessel den-
sity (22). We adopted a visual CEUS
grade of carotid wall enhancement =2
as indicative of active TAK, a threshold
shown to have optimal diagnostic per-
formance in prior studies (11, 23).

We performed SRUS microvascular
imaging analysis using qualitative and
quantitative approaches. For qualitative

assessment, we classified vasa vasorum
within carotid walls as present or ab-
sent. For quantitative assessment, we
measured vasa vasorum density, flow-
weighted vessel density, and additional
parameters in the most prominent le-
sions using SR-CEUS V3 software
(Mindray Bio-Medical Electronics Co.,
Ltd., Shenzhen, China) on a dedicated
workstation.

Clinical evaluation and treatment

All enrolled patients underwent com-
prehensive clinical, laboratory, and im-
aging evaluations within one week fol-
lowing initial assessment. Two experi-
enced rheumatologists recorded the pa-
tients’ clinical data and evaluated dis-
ease activity according to the National
Institute of Health (NIH) score (24),
which includes four criteria: (a) sys-
temic features such as fever and mus-
culoskeletal symptoms (no other cause
identified); (b) elevated erythrocyte
sedimentation rate (ESR); (c) features
of vascular ischaemia or inflamma-
tion, such as claudication, diminished
or absent pulse, bruit, vascular pain
(carotidynia), or asymmetric blood
pressure in either upper or lower limbs
(or both); and (d) typical angiographic
features. New onset or worsening of
at least two of these criteria indicates
“active disease”. Subsequently, the two
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Table I. Demographic and clinical characteristics of patients with Takayasu’s arteritis.

Characteristics Active TAK group Inactive TAK group P
(n=26) (n=44)

Sex 0.880
Male (n) 3 7
Female (n) 23 37

Age (years) 325 (15.3) 35 (17.5) 0.114

Laboratory findings
Hb (g/L) 118.00 (22.75) 117.00 (11.50) 0.601
PLT (x10%/L) 278.00 (171.75) 229.00 (100.00) 0.111
WBC (x10°%/L) 7.84+£243 7.86 £2.39 0.945
ESR (mm/hour) 16.00 (21.50) 7.00 (7.00) 0.003*
CRP (mg/L) 2.45 (20.35) 1.00 (6.40) 0.021*
IL-6 (pg/mL) 5.10 (5.58) 3.00 (2.60) 0.007*
TNF (pg/mL) 11.55 (7.43) 10.35 (6.45) 0.208

NIH score details
Systemic symptoms (n) 16 8 <0.001*
Ischaemia or vascular inflammation (n) 19 6 <0.001*
Acute-phase reactant elevation (n) 9 0 <0.001*
Angiographic features (n) 19 8 <0.001*

TAK: Takayasu’s arteritis; Hb: haemoglobin; PLT: platelet; WBC: white blood cell; ESR: erythrocyte
sedimentation rate; CRP: C-reactive protein; IL-6: interleukin-6; TNF: tumour necrosis factor.
Values are expressed as numbers (percentages) or as means (standard deviations).

*p-values indicate statistical significance (p<0.05).

Table II. US characteristics of patients with Takayasu’s arteritis.

Characteristics Active TAK group Inactive TAK group p
(n=26) (n=44)
B-mode US
Artery wall thickness (mm) 2.10 (0.85) 1.50 (0.60) <0.001*
External diameter (mm) 7.55 (2.18) 6.70 (2.15) 0.042%*
Internal diameter (mm) 3.50+2.16 3.88 £2.37 0.925
Conventional CEUS <0.001*
Grade 0 0 13
Grade 1 23
Grade 2 11 8
Grade 3 0
SRUS microvascular imaging <0.001*
Presence of vasa vasorum 11 3
Absence of vasa vasorum 15 41

SRUS: super-resolution ultrasound.

Values are expressed as numbers (percentages) or as means (standard deviations).

* p-values indicate statistical significance (p<0.05).

physicians formulated corresponding
treatment plans for the patients.

After treatment, the same rheumatolo-
gists evaluated prognosis. We deter-
mined complete remission if the fol-
lowing four criteria were satisfied: (a)
absence of new or worsened systemic
symptoms; (b) absence of new or wors-
ened vascular symptoms or signs; (c)
ESR within normal limits (=40 mm/h);
(d) glucocorticoid dose <15 mg/day.
Partial remission was defined as fulfil-
ment of criterion (b) along with any two
of the criteria (a), (c), or (d). We defined
relapse as reactivation of disease activ-
ity meeting NIH criteria (=2 points) in
patients who previously achieved com-
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plete or partial remission (25). Disease
progression was defined as persistent
active disease throughout treatment
without achieving complete or partial
remission. Both relapse and progression
were classified as clinical deterioration.
The two rheumatologists remained
blinded to US findings during all clini-
cal assessments.

Statistical analysis

Statistical analyses were performed us-
ing SPSS (v. 25.0, IBM SPSS Statis-
tics) and R (v. 4.5.0, R Foundation for
Statistical Computing, Vienna, Austria)
software. Normally distributed continu-
ous variables were expressed as mean

+ standard deviation and compared us-
ing independent samples t-tests. Non-
normally distributed continuous vari-
ables were reported as median (inter-
quartile range, IQR) and analysed via
Mann-Whitney U-tests. Categorical
variables were presented as frequen-
cies or percentages (%) and compared
using chi-square or Fisher’s exact tests
as appropriate. Multivariate logistic
regression analysis was conducted on
variables demonstrating p-value <0.1
in univariate analysis to develop a com-
bined prediction model. R packages
‘rms’, ‘pROC”’, and ‘ggplot2’ were used
to build a nomogram for model visu-
alisation. We generated receiver oper-
ating characteristic (ROC) curves, and
calculated area under the curve (AUC)
values to assess model performance.
Model performance differences were
evaluated using DeLong’s test. The
accuracy of the prediction model was
evaluated using the Hosmer-Lemeshow
test and a calibration plot. Interobserver
agreement among the three radiologists
was quantified through Kappa analy-
sis: k<0.20 suggests poor agreement,
0.20=< k =0.40 suggests fair agreement,
0.40< x =0.60 suggests moderate agree-
ment, 0.60 <k=<0.80 suggests substantial
agreement, and K >0.80 suggests almost
perfect agreement. Deterioration-free
survival was evaluated using Kaplan-
Meier methodology with log-rank test-
ing for between-group comparisons. A
p-value of <0.05 was considered statis-
tically significant.

Results

Demographic and clinical
characteristics of patients with TAK
Among 74 initially enrolled patients,
four were excluded for the following
reasons: refusal to undergo additional
examinations (n=2), and incomplete
clinical documentation (n=2). Con-
sequently, 70 patients with TAK (age
range: 19-76 years; 85.7% female)
were included in the final analysis (Fig.
1). Baseline characteristics of the co-
hort are summarised in Table I. Com-
parative analysis revealed no signifi-
cant differences in sex distribution or
age between patients with active TAK
(n=26) and inactive TAK (n=44). How-
ever, inflammatory biomarkers includ-
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TAK patients
(n=50)

Y

Presence of vasa vasorum
(n=14)

Y

Y

Absence of vasa vasorum
(n=56)

Inactive
(n=3)

Active
(n=11)

/1

Active

A
Inactive
(n=15) (n=41)

/1

Fig. 2. Stratification of patients with Takayasu’s arteritis based on the detection of carotid vasa vaso-
rum using super-resolution ultrasound microvascular imaging.

TAK: Takayasu’s arteritis.

ing ESR (p=0.003), C-reactive protein
(CRP, p=0.021), and interleukin-6 (IL-
6, p=0.007) demonstrated significant
associations with disease activity.

Comparison of US characteristics
between patients with active TAK

and those with inactive TAK

Table IT summarises US characteristics
of the cohort. On B-mode US, patients
in the active group exhibited signifi-

cantly greater carotid wall thickness
compared to the inactive group (median
[IQR]: 2.10 [0.85] mm vs. 1.50 [0.60]
mm, respectively; p<0.001) and exter-
nal diameter (7.55 [2.18] mm vs. 6.70
[2.15] mm, respectively; p=0.042).
CEUS analysis revealed higher MB
enhancement grades in active TAK pa-
tients (p<0.001). SRUS microvascular
imaging detected carotid vasa vasorum
at a significantly higher frequency in

patients with active TAK compared to
those with inactive TAK (p<0.001).

SRUS microvascular imaging
detection of vasa vasorum

correlates with TAK activity

In the present cohort, SRUS microvas-
cular imaging detected carotid vasa
vasorum in 14 patients, 11 of whom
(78.6%) were in active phase; of the re-
maining 56 patients without detectable
carotid vasa vasorum, 41 (73.2%) were
in the inactive phase.

This imaging biomarker demonstrat-
ed 42.3% sensitivity (95% CI: 24.3—
61.7%) and 93.2% specificity (95%
CI: 81.8-99.1%) for identifying active
TAK, with overall accuracy of 74.3%
(Table II and Fig. 2, 3).

Prediction model for TAK activity

We constructed a logistic regression
model using clinical and US character-
istics associated with TAK activity (Fig.
4a). AUC values for individual predic-
tors were as follows: ESR=0.710; IL-
6=0.694; artery wall thickness =0.752;
conventional CEUS=0.859; SRUS mi-
crovascular imaging =0.677; and the
combined prediction model =0.900
(Fig. 4b). The performance of the com-
bined prediction model was signifi-

Fig. 3. Representative super-resolution ultrasound (SRUS) microvascular imaging of carotid vasa vasorum in Takayasu’s arteritis.
A: B-mode US demonstrates obvious irregular thickening of carotid artery wall (white arrow). B-D: SRUS microvascular imaging parametric maps reveal
vasa vasorum within the thickened arterial wall (white arrows). B: Vessel density map. C: Flow velocity map. D: Flow direction map.
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Fig. 4. A: Nomogram for predicting the risk of Takayasu’s arteritis activity. B: Performance evalua-
tion of individual factors and the combined prediction model in assessing Takayasu’s arteritis activity.
C: Calibration plot for the combined prediction model.

ESR: erythrocyte sedimentation rate; IL-6: interleukin-6; SRUS: super-resolution ultrasound.

cantly superior to all individual factors
(p<0.05 for all comparisons). The cali-
bration plot was developed for the com-
bined prediction model and subjected to
the Hosmer-Lemeshow test (p=0.689),
indicating good model fit (Fig. 4c).
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Quantitative analysis based on
SRUS microvascular imaging
We performed quantitative analysis
using SRUS microvascular imaging
data of 14 patients with TAK, focus-
ing specifically on the carotid vasa

vasorum. Results demonstrated sig-
nificantly higher median vessel density
(p=0.036) and flow-weighted vessel
density (p=0.036) in patients with ac-
tive TAK compared to those with inac-
tive disease (Table III). No statistically
significant differences were observed
for the other parameters (p>0.05).

SRUS microvascular imaging
detection of vasa vasorum correlates
with the severity of active TAK

We sub-stratified 26 patients with ac-
tive TAK based on SRUS microvascu-
lar imaging detection of carotid vasa
vasorum. As detailed in Table IV, pa-
tients with carotid vasa vasorum exhib-
ited younger age (24 [11] vs. 34 [20]
years, respectively; p=0.041) and high-
er NIH scores (p=0.011) compared to
those without detectable vasa vasorum.
These findings suggest that active TAK
with carotid vasa vasorum represent a
distinct clinical phenotype character-
ised by earlier disease onset and more
severe vasculitic manifestations.

SRUS microvascular imaging
detection of vasa vasorum

correlates with the prognosis

of active TAK

All enrolled patients received standard-
ised therapy, with 41 patients (17 with
active and 24 with inactive disease)
completing follow-up between 3.4—
13.6 months (mean 8.7+2.7 months)
post-enrolment.

The prognosis of 24 patients with inac-
tive TAK was relatively stable; only one
(4.2%) relapsed to the active phase. We
divided 17 patients with active disease
into two groups based on the detection
of carotid vasa vasorum in SRUS mi-
crovascular imaging (Table V). Patients
with vasa vasorum had elevated lev-
els of IL-6 after treatment (p=0.043).
Significant outcome disparities were
observed: only 2/7 (28.6%) patients
in the active group with vasa vasorum
achieved partial remission, compared to
9/10 (90%) patients in the active group
without vasa vasorum attaining com-
plete or partial remission (p=0.036).
However, Kaplan-Meier analysis of
deterioration-free survival showed no
significant intergroup divergence (log-
rank p=0.695) (Fig. 5). Figures 6 and 7
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Table III. Comparison of quantitative parameters of carotid vasa vasorum between patients
with active Takayasu’s arteritis and those with inactive disease.

Parameters Active TAK group Inactive TAK group p
(n=11) (n=3)
Vessel density
Maximum density 327 (2.29) 2.36 0.312
Minimum density 0.01 (0.00) 0.01 1.000
Median density 0.60 (0.12) 0.37 0.036*
Density standard deviation 098 (0.74) 0.79 0.456
Flow-weighted vessel density 1.04 (0.89) 051 0.036*
Fractal dimension 143 (0.11) 1.40 0.697
Velocity (mm/s)
Maximum velocity (mm/s) 4381 (32.33) 50.82 0.697
Minimum velocity (mm/s) 225 (22.17) 1.84 0.484
Mean velocity (mm/s) 23.57 (21.95) 19.38 0.484
Velocity variance 112.43 (142.88) 245 .40 0.102
Velocity entropy 0.75 (041) 0.64 0.210
Direction variance 2699.35 (3387.89) 5759.15 0.243
Direction entropy 0.61 (0.40) 0.53 0.138
Perfusion index 1295 (17.29) 7.53 0.243

*p-values indicate statistical significance (p<0.05).
Values are expressed as numbers (percentages).

Table IV. Clinical and US characteristics of patients with active Takayasu’s arteritis, with
and without carotid vasa vasorum detected by SRUS microvascular imaging.

Characteristics Group with vasa vasorum  Group without vasa P
detected (n=11) vasorum (n=15)
Sex 0.774
Male (n) 2 1
Female (n) 9 14
Age (years) 24.0 (11.0) 34.0 (20.0) 0.041%*
Laboratory findings
Hb (g/L) 115.36 + 14.79 115.6 +17.46 0.500
PLT (x10%/L) 319.27 + 85.34 278.67 = 13541 0.229
WBC (x10°/L) 7.80 +2.51 7.86 £2.46 0.909
ESR (mm/hour) 24.00 (32.00) 13.00 (12.00) 0.217
CRP (mg/L) 18.70 (28.50) 2.10 (13.40) 0.198
IL-6 (pg/mL) 5.00 (9.10) 5.20 (3.70) 0.574
TNF (pg/mL) 13.30 (46.80) 11.00 (3.50) 0.305
B-mode US
Artery wall thickness (mm) 247 +£0.63 1.87+0.53 0.937
External diameter (mm) 7.99 + 2.04 725+ 1.82 0.619
Internal diameter (mm) 332 +1.96 3.64+235 0.357
NIH score 0.011*
2 5 14
3 3 0
4 3 1

Hb: haemoglobin; PLT: platelet; WBC: white blood cell; ESR: erythrocyte sedimentation rate; CRP: C-
reactive protein; IL-6: interleukin-6; TNF: tumour necrosis factor; SRUS: super-resolution ultrasound.
Values are expressed as numbers (percentages) or as means (standard deviations).

* p-values indicate statistical significance (p<0.05).

present pre- and post-treatment US im-
ages for two representative cases.

Consistency analysis of carotid

vasa vasorum images interpreted

by different observers

As summarised in Table VI, interobserv-
er agreement for SRUS microvascular
imaging interpretations demonstrated
near-perfect consistency across experi-
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ence levels (k=0.954-1.000), whereas
CEUS evaluations exhibited only mod-
erate agreement (K=0.454-0.651).

Clinical factors associated with

SRUS microvascular imaging
detection of carotid vasa vasorum

We stratified the 70 patients with TAK
into two groups based on SRUS micro-
vascular imaging detection of carotid

vasa vasorum (Table VII). Patients with
detectable microvasculature exhib-
ited younger age (25.0 [12.8] vs. 35.0
[17.5] years, respectively; p=0.010), el-
evated inflammatory biomarkers (CRP:
4.35 [27.83] vs. 1.30 [7.98] mg/L, re-
spectively, p=0.028; IL-6: 4.70 [6.70]
vs. 3.20 [3.75] pg/mL, respectively;
p=0.032), increased carotid wall thick-
ness (2.30 [0.70] vs. 1.50 [0.58] mm,
respectively; p<0.001), and higher NIH
scores (p<0.001).

Binary multivariable logistic regres-
sion identified independent predictors
of vasa vasorum detection via SRUS
microvascular imaging: younger age
(OR=10.200, 95% CI: 2.532-41.085),
elevated IL-6 levels (OR=11.267, 95%
CI: 1.379-92.066), increased carotid
wall thickness (OR=53.182, 95% CI:
6.269-451.165), and higher NIH score
(OR=10.022, 95% CI: 2.454-40.925)
(Fig. 8).

Discussion

In this prospective study focusing on
patients with TAK exhibiting carotid
involvement, we demonstrated that ca-
rotid vasa vasorum detected by SRUS
microvascular imaging had a significant
correlation with clinical disease activity.
Although this imaging biomarker dem-
onstrated limited sensitivity (42.3%), its
high specificity (93.2%) and overall ac-
curacy (74.3%) underscore its diagnos-
tic utility. The multifactorial prediction
model demonstrated high accuracy in
assessing TAK activity (AUC=0.900).
Quantitative analysis based on SRUS
microvascular imaging revealed sig-
nificantly higher median vessel density
(»=0.036) and flow-weighted vessel
density (p=0.036) in active versus in-
active TAK lesions. Subgroup analysis
of patients with active TAK and detect-
able vasa vasorum identified a distinct
phenotype characterised by younger
age (p=0.041) and higher NIH scores
(»=0.011). Next, we conducted a fol-
low-up and found that patients with
active TAK with detectable vasa vaso-
rum on SRUS microvascular imaging
exhibited poorer therapeutic outcomes,
with only 28.6% achieving remission
versus 90% in those without detectable
vasa vasorum (p=0.036). In addition,
SRUS microvascular imaging demon-
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Table V. Comparison of characteristics between patients with active TAK at follow-up,
with and without carotid vasa vasorum detected by SRUS microvascular imaging.

Characteristics Group with vasa vasorum  Group without vasa p
detected (n=7) vasorum (n=10)
Sex <0.732
Male (n) 2 1
Female (n) 5 9
Age (years) 30.6 +12.10 41.0+169 0.434
Time interval of follow-up (months) 100+£2.8 7820 0.150
Changes in laboratory findings
Hb (g/L) 143 +15.75 6.30 +14.35 0.740
PLT (x10°/L) -54.00 £ 63.74 -40.40 £91.79 0.610
WBC (x10%/L) 0.19+1.65 1.22+2.57 0.192
ESR (mm/hour) -12.71+£33.46 -6.20£13.51 0.196
CRP (mg/L) 0.10 (8.50) 0.00 (10.18) 0.364
IL-6 (pg/mL) 2.00 (13.60) -0.55 (3.88) 0.043%
TNF (pg/mL) 2.00 (49.70) 3.65 (25.08) 0.536
Changes in B-mode US
Artery wall thickness (mm) -0.20 (0.60) 0.00 (0.23) 0.070
External diameter (mm) -1.00 (1.40) 0.00 (1.40) 0.088
Internal diameter (mm) 0.10 (0.10) 0.05( 0.55) 0.887
Changes in NIH score 0.016*
0 4 1
-1 0 5
-2 2 4
-4 1 0
Follow-up outcome 0.036*
Deterioration 5 1
CR or PR 2 9

TAK: Takayasu’s arteritis; Hb: haemoglobin; PLT: platelet; WBC: white blood cell; ESR: erythrocyte
sedimentation rate; CRP: C-reactive protein; IL-6: interleukin-6; TNF: tumour necrosis factor; CR:
complete remission; PR: partial remission; SRUS: super-resolution ultrasound.

Values are expressed as numbers (percentages) or as means (standard deviations).

*p-values indicate statistical significance (p<0.05).

Long rank test (P=0.695)

Probability of deterioration-free survival (%)

Presence of vasa vasorum

Absence of vasa vasorum

Time (months)

o
-

Fig. 5. Deterioration-free survival analysis in patients with active Takayasu’s arteritis, with and with-

out carotid vasa vasorum.

strated superior interobserver agree-
ment (k: 0.954-1.000) compared to
CEUS (k: 0.454-0.651), highlighting
its reduced operator dependency. The
following clinical factors were associ-
ated with SRUS microvascular imag-
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ing detection of carotid vasa vasorum:
age (OR=10.200), IL-6 (OR=11.267),
carotid wall thickness (OR=53.182),
and NIH score (OR=10.022).

Neovascularisation of the carotid walls
represents a characteristic histopatho-

logical feature of active TAK inflam-
mation (26). CEUS can visualise mi-
crovascular signals within vascular
walls, and Giordana et al. first reported
its application in TAK in 2011 (27).
Previous studies suggest that CEUS
can assess carotid wall vascularisation
by visualising MB traversing vascu-
lar walls (28, 29). However, emerging
evidence from carotid plaque research
indicates alternative mechanisms un-
derlying CEUS enhancement, such
as direct MB extravasation or mac-
rophage-mediated transport, implying
that CEUS enhancement may insuffi-
ciently reflect true neovascularisation
(17). Furthermore, CEUS spatial reso-
lution remains limited by ultrasound
wavelength (approximately 200 um),
which precludes direct visualisation of
microvascular features (15, 20). There-
fore, non-invasive and precise detec-
tion of neovascularisation within the
carotid wall remains a major challenge.
SRUS microvascular imaging, adapted
from optical super-resolution con-
cepts, overcomes acoustic diffraction
limits by localising MB trajectories at
subwavelength resolution and thereby
resolves microvascular architecture
directly. SRUS generates quantitative
vascular metrics that support objec-
tive disease assessment and can assist
clinical decision-making (30). Goudot
et al. proposed the feasibility of us-
ing SRUS microvascular imaging to
evaluate TAK activity, reporting direct
visualisation of carotid vasa vasorum
and higher MB counts, MB-paths-per-
second, and perfusion scores in active
versus inactive TAK (19, 20).

In contrast to previous reports, our
study revealed the following important
findings. This study represented the
first large-scale application of SRUS
microvascular imaging in a TAK co-
hort, establishing a diagnostic profile
characterised by moderate sensitivity
and high specificity. The relatively low
sensitivity of this technique could like-
ly be attributed to the following two
reasons: first, patients in whom SRUS
detected carotid vasa vasorum were
generally younger, had higher IL-6
levels, greater carotid wall thickness,
and higher NIH scores, all of which
were indicators reflecting the sever-

Clinical and Experimental Rheumatology 2026



Fig. 6. Representative imaging of patients with active Takayasu’s arteritis, with carotid vasa vasorum detected on super-resolution ultrasound (SRUS) micro-
vascular imaging. A: Initial B-mode US (December 2023) demonstrates carotid wall thickening (4.00 mm). B: Concurrent SRUS microvascular imaging reveals
vasa vasorum within the thickened artery wall (white arrow), correlating with active disease (NIH score: 3). C: Follow-up B-mode US imaging (Jun 2024)
after 6.2 months of therapy shows persistent wall thickening (4.20 mm) with unabated inflammatory activity (NIH score: 3). NIH: National Institute of Health.

Fig. 7. Representative imaging of patients with active Takayasu’s arteritis, without carotid vasa vasorum on super-resolution ultrasound (SRUS) micro-
vascular imaging. A: Initial B-mode US (February 2024) demonstrates carotid wall thickening (1.90 mm). B: Concurrent SRUS microvascular imaging
confirms absence of vasa vasorum within the thickened artery wall, and the NIH score of the patient is 2. C: Follow-up B-mode US imaging (Jul 2024) after
4.7 months of therapy shows artery wall thickness reduction (1.30 mm) and complete remission (NIH score: 0). NIH: National Institute of Health.

Table VI. Comparison of the consistency between carotid vasa vasorum images interpret-
ed by radiologists with different levels of experience in patients with Takayasu arteritis.

Senior Mid-level Junior K p
radiologist  radiologist radiologist

SRUS microvascular imaging 1.000* 1.000*
Presence of vasa vasorum 14 14 13 0.954° 1.000°
Absence of vasa vasorum 56 56 57 0.954¢ 1.000¢
Enhancement grade of carotid 0.651* 0.388*
artery wall in CEUS

=2 28 32 37 0.454° 1.000°

<2 42 38 33 0.509¢ 0.332¢

SRUS: super-resolution ultrasound.
ssenior radiologist vs. mid-level radiologist; ® mid-level radiologist vs. junior radiologist, ¢ senior radiolo-
gist vs. junior radiologist.

>

IL-6- }
Age -
Carotid wall thickness -

NIH score -

0 50 100

Fig. 8. Forest plot of four associated factors for detection of vasa vasorum within carotid walls by
super-resolution ultrasound microvascular imaging in patients with Takayasu’s arteritis.
IL-6: interleukin-6; NIH: National Institute of Health.
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ity of the disease. Among 15 patients
with active TAK in whom carotid vasa
vasorum was not detected, nine had ca-
rotid artery wall thickness <2 mm and
14 had an NIH score of 2, suggesting
that milder intramural involvement and
minimal clinical activity reduce SRUS
detectability. Second, SRUS micro-
vascular imaging possesses inherent
limitations, including susceptibility to
motion artifacts from carotid pulsation
and restriction to two-dimensional im-
aging planes, may impede detection of
small or spatially complex vasa vaso-
rum networks. These factors may ac-
count for the failure to detect carotid
vasa vasorum in a subset of patients
with active TAK.

Compared to conventional CEUS,
SRUS microvascular imaging demon-
strates excellent inter-observer agree-
ment. Meanwhile, its operational
workflow is highly comparable to that
of conventional CEUS, allowing radi-
ologists of varying experience levels to
master the technique rapidly. These at-
tributes favour clinical implementation.
Next, we investigated the prognostic
significance of vasa vasorum detected
on SRUS microvascular imaging: pa-
tients with active TAK exhibiting ca-
rotid vasa vasorum demonstrated 3.2-
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Table VII. Clinical factors affecting the detection of carotid vasa vasorum by SRUS mi-

crovascular imaging.

Characteristics Group with vasa vasorum Group without vasa P
detected (n=14) vasorum (n=56)
Sex 1.000
Male (n) 2 8
Female (n) 12 48
Age (years) 250 (12.8) 350 (17.5) 0.010*
Laboratory findings
Hb (g/L) 118.00 (17.50) 117.00 (12.75) 0.735
PLT (x10%/L) 281.00 (157.75) 229.00 (92.75) 0.142
WBC (x10%/L) 793 +2.55 7.83 £2.37 0.891
ESR (mm/hour) 17.00 (24.75) 8.00 (10.00) 0.076
CRP (mg/L) 4.35 (27.83) 1.30 (7.98) 0.028*
IL-6 (pg/mL) 4.70 (6.70) 3.20 (3.75) 0.032*
TNF (pg/mL) 11.20 (21.93) 10.65 (5.73) 0.872
B-mode US
Artery wall thickness (mm) 2.30 (0.70) 1.50 (0.58) <0.001*
External diameter (mm) 7.45 (3.40) 6.80 (2.18) 0.108
Internal diameter (mm) 358+233 3.78 £2.29 0.973
NIH score <0.001°*
0 2 20
1 1 21
2 5 14
3 3 0
4 3 1

Hb: haemoglobin; PLT: platelet; WBC: white blood cell; ESR: erythrocyte sedimentation rate; CRP: C-
reactive protein; IL-6: interleukin-6; TNF: tumour necrosis factor; SRUS: super-resolution ultrasound.
Values are expressed as numbers (percentages) or as means (standard deviations).

“ p-values indicate statistical significance (p<0.05).

fold lower remission rates, providing
a reference for predicting subsequent
treatment outcomes and necessitating
intensified surveillance in this high-
risk subgroup.

In this study, CEUS semi-quantitative
grading =2 demonstrated sensitivity
and specificity of 76.9% and 81.8%, re-
spectively, for identifying active TAK,
roughly aligning with prior studies (23,
26,29, 31). Compared to SRUS micro-
vascular imaging, CEUS exhibited su-
perior sensitivity but inferior specificity.
Based on these findings, we recommend
using a sequential diagnostic strategy:
patients with CEUS grade =2 should
undergo supplemental SRUS microvas-
cular imaging examination to stratify
disease severity, predict prognosis, and
intensify follow-up intervals for those
with detected carotid vasa vasorum.
Our study has several limitations that
warrant consideration. First, the co-
hort size, while representing the larg-
est SRUS microvascular imaging-TAK
series to date, remains constrained by
the rarity of TAK.

Second, the relatively short follow-up
period may account for the lack of sig-
nificant difference in the deterioration-
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free survival. We plan to conduct a
follow-up study over 2 years to monitor
changes in the patients’ conditions in
the future.

Lastly, this study is based on clinical
data from real-world patients, with-
out standardised therapeutic regimens;
heterogeneity in medical management
could introduce confounding. In the
future, we will attempt to apply SRUS
to a larger sample population and es-
tablish a more rigorous management
process to minimise confounders, fur-
ther clarifying the application value of
SRUS microvascular imaging in the
evaluation of TAK.

Conclusion

The detection of vasa vasorum within
carotid artery walls via SRUS micro-
vascular imaging serves as a useful
indicator for assessing the activity and
severity of TAK. This innovative mo-
dality not only enables high-resolution
visualisation of microvascular archi-
tecture but also permits quantifica-
tion of intraluminal haemodynamic,
thereby providing critical insights for
predicting disease prognosis and guid-
ing personalised surveillance protocols.

Further research should validate SRUS-
based disease scoring system, optimise
algorithms to reduce interference from
carotid pulsations, leverage 3D imaging
to improve the visualisation of carotid
vasa vasorum, and integrate artificial
intelligence technology for automated
image analysis, feature extraction, and
intelligent correction of motion arti-
facts to strengthen imaging support for
advanced TAK investigation.
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