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The diagnostic value of two-
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This study evaluates the diagnostic performance of two-dimensional shear wave elastography
(2D-SWE) in differentiating between benign, metastatic lymph nodes (LNs) and lymphomas. From May
2022 to February 2023, a total of 137 patients who presented with unexplained LN enlargement were
examined at the Ultrasound Medical Department of Union Hospital of Huazhong University of Science
and Technology. The conventional ultrasound recorded the location, longitudinal diameter, transverse
diameter, L/T ratio, blood supply mode, lymphatic hilum and 2D-SWE calculated the average elasticity
(E) of LN. Histopathology was the diagnostic gold standard. A total of 124 patients with 159 superficial
LNs were included (32 benign, 70 metastatic, 57 lymphoma). Malignant LNs had significantly higher

E values than benign ones (49.38 +29.96 kPa vs. 25.00 + 14.42 kPa, P<0.001). When E >25.46 kPa,

the AUC, sensitivity, specificity, PPV, NPV and accuracy were 0.807, 0.787, 0.750, 0.926, 0.471 and
0.780, respectively, in identifying malignant LNs. For distinguishing benign LNs from lymphoma, the
E cutoff was 25.03 kPa, with the AUC, sensitivity, specificity, PPV, NPV and accuracy of 0.727, 0.754,
0.719, 0.827, 0.622 and 0.742, respectively. To differentiate benign from metastatic LNs, an E cutoff of
36.97 kPa yielded an AUC, sensitivity, specificity, PPV, NPV and accuracy of 0.872, 0.757, 0.875, 0.930,
0.622 and 0.794, respectively. Comparing lymphoma and metastatic LNs, the E cutoff was 42.57 kPa.
And the AUC, sensitivity, specificity, PPV, NPV and accuracy were 0.787, 0.700, 0.860, 0.860, 0.700
and 0.772, respectively. 2D-SWE parameter (the average elasticity) can effectively evaluate benign,
metastatic LNs and lymphoma, which provides valuable information for preoperative evaluation of
superficial LNs.
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Abbreviations

2D-SWE  Two-dimensional shear wave elastography
LN Lymph node

E Elasticity

Us Ultrasound

USE Ultrasound elastography

L/T Longitudinal to transverse

ROI Region of interest

ROC Receiver operating characteristic
AUC Area under the curve

PPV Positive predictive value
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NPV Negative predictive value
DAMP Damage-associated molecular pattern

Superficial lymph node (LN) abnormalities may result from a diverse range of causes, including both benign and
malignant lesions. Benign LN lesions are associated with a favorable prognosis, whereas malignant lesions have
a poor prognosis. Given the significant differences in prognosis and treatment, accurate differentiation between
benign and malignant lesions is crucial for guiding treatment decisions and evaluating prognosis. Although
histological pathology remains the gold standard for diagnosing benign and malignant LN lesions, the invasive
nature of this approach makes it difficult for some patients to accept. Therefore, it is essential to utilize reliable
techniques to assist in the identification of superficial LNs to avoid unnecessary biopsies.

Current imaging techniques for evaluating LNs include ultrasound (US), computed tomography (CT),
magnetic resonance (MR) imaging, and positron emission tomography (PET-CT). In CT and MR imaging, the
determination of LN malignancy is primarily based on size criteria. However, up to 30% of LNs less than 5 mm
have been shown to have malignant infiltration in lung, esophageal, gastric, pancreatic, and rectal cancers'.
18 F-fludeoxyglucose-positron emission tomography/computed tomography (FDG-PET/CT) is increasingly
available and used in cancer staging; however, meta-analyses also indicate insufficient sensitivity for the
detection of early LN metastasis>>. US is the preferred tool for evaluating LNs due to its safety, convenience,
and relatively low cost. Conventional US is primarily based on the size, morphological structure, and blood flow
characteristics of LNs to distinguish between benign and malignant lesions*. However, there is some overlap
between these ultrasonic features in benign and malignant LNs, which leads to unsatisfactory sensitivity and
specificity for the diagnosis of superficial LNs 8. Therefore, there is an urgent need to develop new technologies
and methods to improve the differentiation ability of benign and malignant LN lesions.

In recent years, ultrasound elastography (USE) techniques have received increasing attention for their non-
invasive assessment of tissue mechanical properties, with a primary focus on clinical diagnosis of soft tissue
organ diseases. Compared to anatomical images, elastography can provide auxiliary diagnostic information
on tissue mechanics. Many studies have shown that elastic imaging can effectively differentiate benign and
malignant lesions, and it has been widely used in thyroid, breast, liver, and other organs’~'3. 2D-SWE is currently
the newest SWI method. Acoustic Radiation Force Impulse (ARFI) strain imaging employs brief acoustic
radiation force pulses to induce local tissue displacement and subsequently monitors the tissue response within
the targeted region'®. Point Shear Wave Elastography (pSWE) utilizes acoustic radiation force to generate shear
waves at a single point, measuring the shear wave speed at that location to estimate tissue stiffness!>. However,
both methods are limited to single-point or small localized assessments, requiring multiple excitations and
measurements to evaluate larger areas, which increases operational complexity. In contrast, 2D-SWE induces
shear waves at multiple points and tracks their propagation speed or Young’s modulus (E) in real time, generating
a comprehensive two-dimensional elasticity map that encompasses the entire region'”. The capability to provide
real-time, wide-area coverage makes 2D-SWE particularly advantageous for assessing larger areas or complex
lesions. Several studies have verified the diagnostic value of 2D-SWE for benign and malignant LNs. However,
malignant LN lesions include metastatic LNs and lymphoma, and the clinical treatment and management
principles of the two are inconsistent. Therefore, effective identification of both is crucial. The purpose of this
study was to compare the differential diagnostic value of 2D-SWE in benign, metastatic LNs, and lymphoma.

Methods

Patients

From May 2022 to February 2023, patients who presented to the Ultrasound Medical Department of Union
Hospital of Huazhong University of Science and Technology for examination due to unexplained LN enlargement
in the neck, axilla, and groin were included. The inclusive criteria were as follows: (1) Transverse axis >5 mm and
longitudinal-to-transverse ratio (L/T ratio) <2, or transverse axis > 10 mm!'®; (2) LNs were evaluated by US and
2D-SWE imaging before biopsy; and (3) The patient underwent pathological examination.

Exclusion criteria: (1) History of malignant tumor or tuberculosis; (2) LNs without pathological results or
with unclear pathological results; (3) LNs with fluid parts; (4) LNs with unsatisfactory 2D-SWE images. This
study was approved by the Ethics Committee of Union Hospital Affiliated to Tongji Medical College of Huazhong
University of Science and Technology (Ethics approval ID: UHCT-IEC-SOP-016-03-01), and informed consent
was obtained from all patients. We confirm that all methods were performed in accordance with relevant
guidelines and regulations.

Ultrasound imaging

An ultrasound examination was conducted by an ultrasound doctor with 10 years of experience. The conventional
US data and 2D-SWE images were captured separately using LOGIQ E9 (GE, USA) with linear probes L16-5
and 9L4. Conventional ultrasound was performed using the probe L16-5, with the gain set to 40-50 and the
frequency set to 11-13 MHz. The location, longitudinal diameter, transverse diameter, structure, and blood
supply of the LNs were recorded. Doppler ultrasound was performed using standardized Doppler parameters,
set to high sensitivity and a low wall filter to detect blood vessels with weaker blood flow (frequency: 6.3-
7.5 MHz; gain: 18.5-22.5; scale: 5-6 cm/s; pulse repetition frequency: 1.0-1.6 kHz). The Color Doppler pattern
of LNs is classified into four types: (1) hilar or central: blood flow signals branching from the center or exhibiting
a radial branching pattern (even if starting from the periphery); (2) peripheral: blood flow signals along the
periphery of the LN; (3) mixed: both peripheral and central blood flow signals are present; (4) no blood flow: no
blood flow signals within the LN.
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After conventional ultrasound determined the target LN, 2D-SWE was performed using the linear probe
9L4. The probe was gently placed vertically on the surface of the skin over the target LN, and the appropriate
region of interest (ROI) was adjusted to surround the entire LN. The gain was then adjusted to over 95. The probe
was stabilized, and the patient was asked to hold their breath while the ultrasound probe was held still over the
target LN without pressure for 10 s to ensure stable color area coverage, after which the image was saved. The
ROI coverage rate was greater than 95%. For quantitative assessment, the outline of the target LN was drawn
manually, and the instrument software automatically calculated the average E of the ROI Each LN was measured
three times, and the mean value was calculated.

Pathological examination
Pathological diagnosis was obtained by ultrasound-guided nodal puncture or resection. Tissue biopsy, including
pathological section and immunohistochemical examination, was performed.

Statistical analysis

The data were analyzed using SPSS software (version 27.0.1). Qualitative variables were expressed in numbers
and percentages, while quantitative variables were expressed in mean + standard deviation (x +s). The chi-square
test and Fisher’s exact test were used to compare proportions, and one-way ANOVA was used to compare mean
values that followed a normal distribution. Bonferroni and Tamhane T2 tests were used to compare independent
groups. Confidence intervals (CI) were used as the 95% CI for exact binomial bilateral. Sensitivity, specificity,
positive predictive value (PPV), negative predictive value (NPV) and accuracy were calculated. The receiver
operating characteristic (ROC) curve was used to evaluate the area under the curve (AUC) of the mean value
of E. The correlation between E value and LN size was assessed using the nonparametric Spearman’s rank
correlation coefficient (R). P<0.05 was considered statistically significant. The measurement of E value was
conducted by two different doctors using a blind method, and we tested the reliability within and between
observers. A Cronbach alpha of more than 0.7 was considered reliable.

Results

A total of 174 LNs from 137 patients underwent 2D-SWE and biopsy. 13 patients with 15 LNs were excluded due
to lack or unclear pathological diagnosis (n=11), LNs with fluid parts (1 =2), or unsatisfactory 2D-SWE images
(n=2). Finally, 159 LNs from 124 patients were enrolled in this study. The flow chart is presented in Fig. 1. 20.1%
of LNs were benign LN lesions, and the remaining 79.9% were malignant LN lesions. The general demographic
characteristics are presented in Table 1.

Differentiation between benign and malignant LNs

Table 2 presents the conventional US and 2D-SWE characteristics of all LNs. The results showed significant
differences in the transverse axis, L/T ratio, lymphatic hilum, Color Doppler pattern, and 2D-SWE parameter
between benign and malignant LNs (p <0.05). However, there was no statistical difference in the longitudinal
axis. Figure 2 shows the 2D-SWE and grayscale US images.

An ROC curve was constructed to determine the diagnostic performance of 2D-SWE parameters for benign
and malignant LNs. Specifically, the cut-off value of E was 25.46 kPa, and the AUGC, sensitivity, specificity, PPV,
NPV and accuracy were 0.807, 0.787, 0.750, 0.926, 0.471 and 0.780, respectively. The ROC curve is shown in
Fig. 3.

Differentiation between benign LNs, lymphoma and metastatic LNs
Table 3 presents the conventional US and 2D-SWE characteristics of all LNs. The results showed significant
differences in the transverse axis, L/T ratio, lymphatic hilum, Color Doppler pattern, and 2D-SWE parameter
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Fig. 1. Flowchart of the study. LNs, lymph nodes; 2D-SWE, two-dimensional shear wave elastography.
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Characteristic
Age (years) Mean +SD 54.6+14.2
Gender
Male (N/%) 62 /50.0%
Female (N/%) 62 /50.0%
Localization
Neck (N/%) 90 /56.6%
Axilla (N/%) 43 /27.0%
Inguinal (N/%) 26 /16.4%
Benign LNs
Reactive hyperplasia (N/%) 13/8.2%
Granulomatous lesions or tuberculosis (N/%) | 10 /6.3%
Non-specific LNs (N/%) 9/5.7%
Malignant LNs
Lymphoma (N) 57
Hodgkin’s lymphoma (N/%) 12 /7.5%
Mixed cellularity (N/%) 5/3.1%
Nodular sclerosis (N/%) 2/1.3%
Lymphocyte-rich (N/%) 2/1.3%
Unclassified (N/%) 3/1.9%
Non-Hodgkin’s lymphoma (N/%) 45 /28.3%
Follicular lymphoma 13/8.2%
Diffuse large B-cell lymphoma 9/5.7%
Angioimmunblastic T-cell lymphoma 6/3.8%
Small lymphocytic lymphoma 6/3.8%
NK/T cell lymphoma 3/1.9%
Marginal zone lymphoma 2/1.3%
Peripheral T-cell lymphoma 2/1.3%
T cell lymphoblastic lymphoma 1/0.6%
Anaplastic large cell lymphoma 1/0.6%
Mantle cell lymphoma 1/0.6%
Unclassified 1/0.6%
Metastatic LNs (N) 70
Lung cancer (N/%) 32/20.1%
Breast cancer (N/%) 19/11.9%
Others (N/%) 19 /11.9%

Table 1. The general demographic characteristics. SD, standard deviation.

between benign LNs, lymphoma and metastatic LNs (p <0.05). However, there was no statistical difference in the
longitudinal axis between benign and metastatic LNs.

We compared the three groups of benign LNs, lymphoma, and metastatic LNs in pairs and constructed ROC
curves to determine the diagnostic performance of 2D-SWE parameters in differentiating among them. The
ROC curve is shown in Fig. 4.

Table 4 shows the cut-off value, the AUC, sensitivity, specificity and accuracy for classifying each type of LN.

Relationship between the E value and LN size

Analysis of all LN samples revealed no significant correlation between the longitudinal axis of the LNs and the E
value (Fig. 5A, R=0.033, P=0.682). A very weak correlation was observed between the transverse axis of the LNs
and the E value (Fig. 5B, R=0.189, P=0.017). Although this correlation reached statistical significance (P <0.05),
the effect size (R=0.189) is considered too small to be practical clinical significance.

Upon grouping the samples, within the benign LN group, no significant correlations were found between
the E value and either the longitudinal axis (R=0.558, P=0.107) or the transverse axis (R=0.338, P=0.059) of
the LNs. Similarly, in the lymphoma group, no significant correlations were observed between the E value and
either the longitudinal axis (R=-0.13, P=0.336) or the transverse axis (R=-0.023, P=0.863) of the LNs. In the
metastatic LN group, the E value also did not show a significant correlation with either the longitudinal axis
(R=0.227, P=0.059) or the transverse axis (R=0.208, P=0.085) of the LNs.
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‘ Benign (n=32) | Malignant (n=127) | P value

Size (mm)

Longitudinal axis | 20.52+8.63 23.94+9.51 0.066
Transverse axis* | 10.64+3.23 14.24+4.94 <0.001
L/T ratio* (N/%)

2 12 /37.5% 21/16.5%

<2 20/62.5% 106 /83.5% 0.009

Lymphatic hilum* (N/%)

Present 17 /53.1% 20/15.7%

Absent 15 /46.9% 107 /84.3% <0.001
Color Doppler pattern* (N/%)

Hilar or central 17 /53.1% 26 /20.5%

Peripheral 1/3.1% 24 /18.9%

Mixed 10/31.3% 72 /56.7%

No blood flow 4/12.5% 5/3.9% <0.001
2D-SWE parameter

E (kPa)* (250041442 [49.3829.96 [ <0.001

Table 2. Conventional US and 2D-SWE characteristics of benign and malignant LNs. *Values are presented as
the mean * standard deviation or percentage, respectively.

Intra- and interobserver reliabilities of the 2D-SWE measurements

The consistency of the 2D-SWE measurements in our study is very high. The intra- and interobserver reliability
were 0.969 (observer 1), 0.968 (observer 2), and 0.999 (interobserver), respectively, calculated using Cronbach
alpha.

Discussion

The differentiation of abnormal LNs in benign conditions such as infection or inflammation from malignant
conditions such as metastatic disease or primary malignancies such as lymphoma is clinically significant.
Conventional US mainly relies on anatomical morphological changes or vascular patterns®$, which may overlap
in different LN lesions. USE, which takes advantage of the changed elasticity of soft tissues resulting from specific
pathological or physiological processes'’, provides complementary information to conventional US and can
effectively distinguish between benign and malignant lesions!®. The results of this study showed that 2D-SWE
had good diagnostic performance in assessing LN status, and E could be used as an effective tool for preoperative
evaluation of superficial LNs.

In our study, we observed that malignant LNs were larger than benign LNs, and the proportion of L/T
ratio <2 was higher. This can be explained by the presence of lymphocyte accumulation and lymphatic sinus
growth in malignant LNs, which tend to be larger in size compared to benign LNs'8. Furthermore, malignant
infiltration typically occurs in the cortex!, thus changing the structure of the LNs and making the LN shape
change from oval to round. Additionally, the probability of disappearance of the lymphatic hilum is higher
in malignant LNs. The lymphatic hilum represents the collecting sinus of a normal LN?’. The absence of the
lymphatic hilum may indicate that it has been erased by infiltrating tumor cells. The Color Doppler patterns
of benign and malignant LNs also differ, with the most common pattern in benign LNs being hilar or central,
while in malignant LNs, the proportion of mixed and peripheral patterns is increased. These vascular differences
in malignant LNs are thought to be caused by additional angiogenesis of infiltrating tumor cells*!. However,
there is significant variation in the vascular patterns of malignant LNs. Bialek et al. reported that blood flow in
lymphomas can exhibit both metastatic and benign patterns®. Furthermore, the vascular patterns in LNs are
influenced by the equipment used and the operator’s technique??. Relying solely on blood flow is inadequate for
distinguishing between benign and malignant LNs.

USE has been proven to be helpful in distinguishing benign from malignant LNs through stiffness assessment.
In this study, we observed higher E values in malignant LNs compared to benign LNs, similar to previous
studies?*. This can be explained by specific histologic features of different LNs. Invasive malignant tumors may
lead to deposition of extracellular matrix and cross-linked collagen, ultimately affecting tissue stiffness?%°.
Rizwan et al. also observed a significant increase in collagen density in metastatic LNs*.

In this study, the average E values of the lymphoma group and the metastatic LNs were 32.79 kPa and
62.89 kPa, respectively. These values are somewhat different from previous reports?”?%. Guan et al. pointed out
that the E value of neck metastatic LNs was 23.48 kPa?’, which was significantly lower than our study. This
discrepancy may be due to their focus on small cervical LNs (0.5 cm < maximum diameter <1 cm) associated
with nasopharyngeal carcinoma. Their results indicated no significant differences between benign and metastatic
LNs when assessed using conventional ultrasound. Therefore, the metastatic LNs in their study may still be in
an early stage, likely indicating micrometastasis, which typically shows less stromal reaction®. This reduced
reaction is a key factor contributing to the increased stiffness observed in metastatic LNs*’. Moreover, our study
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1 E193.61 kPa

Fig. 2. The 2D-SWE images of LNs, with pathological results proven reactive LN (A), lymphoma (B) and
metastatic LN of breast cancer (C), respectively.

included a wider variety of benign LN, such as those with reactive hyperplasia and tuberculosis, which may
explain the higher stiffness values observed in our benign group compared to theirs.

However, Chae et al. pointed out that the average E of cervical metastatic LNs was 94.87 kPa?8, which was
higher than that of our study. This may be because they placed the ROI on the stiffest area, whereas in our study,
the ROI encompasses the entire target LN. We believe that measuring only the stiffest part does not accurately

Scientific Reports|  (2025) 15:17395 | https://doi.org/10.1038/s41598-025-00502-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

08

06

Sensitivity
[

04

E(kPa) AUC=0.807

0.2

0.0
00 02 04 06 08 10

1 - Specificity

Fig. 3. ROC curves of E value for differentiating between benign and malignant LNs.

Benign (n=32) | Lymphoma (n=57) | Metastatic (n=70) | P value

Size (mm)

Longitudinal axis 20.52+8.63 27.19+10.33 21.29+7.93 1=0.003%, +1=1, +11<0.001*
Transverse axis 10.64+3.23 15.62+5.38 13.12+£4.26 <0.001%, +1=0.034*, +11=0.007*
L/T ratio (N/%)

>2 12 /37.5% 12 /21.1% 9/12.9%

<2 20/62.5% 45 /78.9% 61/87.1% <0.05*

Lymphatic hilum (N/%)

Present 17 /53.1% 15 /26.3% 5/7.1%

Absent 15/46.9% 42 /73.7% 65/92.9% <0.05*

Color Doppler pattern (N/%)

Hilar or central 17 /53.1% 12/21.1% 14 /20.0%

Peripheral 1/3.1% 5/8.8% 19 /27.1%

Mixed 10/31.3% 38 /66.7% 34 /48.6%

No blood flow 4/12.5% 2/3.5% 3/4.3% <0.05*

2D-SWE parameter

E (kPa) 25.00+14.42 32.79+12.26 ‘ 62.89+33.23 ‘ +=0.038%, 1,111<0.001*

Table 3. Conventional US and 2D-SWE characteristics of benign LNs, lymphoma and metastatic LNs. *Values
are presented as the mean * standard deviation or percentage, respectively. Statistically significant difference
between benign and lymphoma. 1+ Statistically significant difference between benign and metastatic. 1+
Statistically significant difference between lymphoma and metastatic.

represent the overall state of the LN, as even in normal LN, the elasticity values are heterogeneous. For example,
lymphocyte-rich mantle zones and germinal centers have higher elasticity values®’. In metastatic LNs, areas
with desmoplastic reactions might show the highest elasticity values, allowing for differentiation from benign
LNs. However, in lymphomas, there are no specific areas with particularly high elasticity values, as the normal
architecture is completely lost and replaced by densely monotonous lymphoma cells®’. Therefore, it presents as a
more uniform phenomenon with overall higher elasticity values. In reactive hyperplastic LNs, areas of follicular
hyperplasia are also present, leading to locally elevated elasticity values; however, these changes are typically
restricted to the subcortical region. Consequently, relying solely on the maximal elasticity value may complicate
the differentiation between benign LNs and lymphoma. In contrast, employing the average elasticity value is
more effective in distinguishing between these conditions. Furthermore, our ROI encompasses the entire LN,
thereby diminishing operator dependency and enhancing the reproducibility of stiffness measurements. The
results of our study also showed a good correlation between multiple measurements by the same observer and
different observers. However, this method may reduce the sensitivity to changes in stiffness. In addition, different
devices may lead to different 2D-SWE values®..

Although they are all malignant tumors, the E values in metastatic LNs were significantly greater than those
in lymphoma, consistent with previous research results?®. This may be related to the pathological differences
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Fig. 4. ROC curves of E value for differentiating between benign and lymphoma (A), benign and metastatic
LNs (B), lymphoma and metastatic LNs (C).

Cut-off (E, kPa) | AUC (95% CI) Sensitivity | Specificity | PPV | NPV | Accuracy | P value
Benign and lymphoma 25.03 0.727 (0.606-0.849) | 0.754 0.719 0.827 | 0.622 | 0.742 <0.001
Benign and metastatic 36.97 0.872 (0.802-0.942) | 0.757 0.875 0.930 | 0.622 | 0.794 <0.001
Lymphoma and metastatic | 42.57 0.787 (0.705-0.868) | 0.700 0.860 0.860 | 0.700 | 0.772 <0.001

Table 4. Diagnostic performances of 2D-SWE for differentiating between benign LNs, lymphoma and
metastatic LNs. AUC, area under the ROC curve; CI, confidence intervals; PPV, positive predictive value; NPV,
negative predictive value; kPa, kilopascals.
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Fig. 5. Relationship between the E value and the longitudinal axis (A) or the transverse axis (B).

between them. In metastatic LNs, tumor cells and stromal cells undergo proliferation and cornification, producing
a large amount of keratins and fibrin. However, lymphoma has proliferation characterized by less fibrotic
changes (promoting connective tissue proliferation)*. Therefore, compared to metastatic LNs, their stiffness is
lower. Compared to benign LNs, lymphoma exhibits greater stiffness. This may be attributed to the pronounced
follicular hyperplasia in lymphoma, which results in a higher cellular nuclear density*’. As previously noted,
reactive LNs also show follicular hyperplasia, but it is typically restricted to the subcortical areas. On the other
hand, follicular lymphoma has a more uniform distribution throughout the LN parenchyma32.

In this study, the cutoff of E value for distinguishing benign LNs from malignant LNs was 25.46 kPa, and
the AUC, sensitivity, specificity, PPV, NPV and accuracy were 0.807, 0.787, 0.750, 0.926, 0.471 and 0.780,
respectively. This result is similar to the study of Luo et al.**. Luo et al. reported that the cutoff of E value for
distinguishing benign and malignant LNs was 23.2 kPa3. However, our results are somewhat inconsistent with
those of Chami et al., who reported a lower critical value of 15.2 kPa to distinguish malignant LNs from benign
LNs*. The difference in sample characteristics between the two studies may explain the difference between
the two results. In the study of Chami et al., some infectious diseases such as abscesses and tuberculosis were
excluded®, while our study includes tuberculosis or granulomatous lesions. In granulomatous lymphadenitis,
particularly during the late phase, the increase of collagen fibers results in fibrosis, which subsequently increases
the stiffness of the LNs*.
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In addition, Sun et al. reported that the cutoff of E value for distinguishing benign and malignant LNs was
42 kPa, the sensitivity was 0.927, and the specificity was 0.975%%, much higher than our study. This difference
may stem from the higher proportion of metastatic LNs in their malignant LN group, which is 79.0%, compared
to 55.1% in our group. The presence of lymphoma reduces the overall elasticity in our malignant LN group. Of
course, this difference may also be related to the method of ROI placement. Taking 25.46 kPa as the cutoff value,
we found that the E value of 8 benign LNs was higher than the cutoft value, including 4 cases of tuberculosis or
granulomatous lesions, 3 cases of reactive hyperplasia, and 1 case of non-specific LN. The most characteristic
pathological features of tuberculosis are epithelioid granulomas and caseous necrosis®®. As noted earlier, fibrosis
in granulomatous lesions contributes to increased LN stiffness. Some reactive LNs may also exhibit granulomas or
necrosis*’. In our study, despite the exclusion of cystic necrosis, we found that coagulation necrosis accompanied
by cell-rich debris was associated with significantly elevated tissue stiffness. We hypothesize that during the
advanced stages of coagulation necrosis, necroptosis leads to the release of damage-associated molecular
patterns (DAMPs). These DAMPs may initiate immune responses, promote fibroblast activation, and increase
extracellular matrix deposition, thereby contributing to the observed increase in tissue stiffness®®. This could be
one of the factors contributing to our elevated false positive rate.

We also compared the differences among the benign LNs, lymphoma and metastatic LNs. The diagnostic
performance was found to be best in the benign and metastatic LNs, while the performance of the benign LNs
and lymphoma was relatively poorer. This discrepancy may stem from the fact that both reactive hyperplasia
of LNs and lymphoma are primarily proliferative changes, leading to less fibrosis and a smaller difference in
elastic values®. In future studies, we can investigate the diagnostic performance of combining conventional
ultrasound, color Doppler, contrast-enhanced ultrasound, and elastography. In the study of Bayramoglu et al.,
the cutoff value of E for distinguishing lymphoma from lymphadenitis was found to be 17 kPa, which is lower
than our findings®. This difference may be attributed to their selection of inflammatory LNs based on clinical
manifestations such as fever and laboratory parameters, including white blood cell count, C-reactive protein,
and sedimentation rate, which predominantly indicated acute inflammation in most cases. Acute lymphadenitis
is primarily characterized by the infiltration of inflammatory cells, whereas chronic lymphadenitis may exhibit
fibrosis and granuloma formation that significantly elevate the elastic value of the LNs*2. In our study, we
observed that the PPV was higher while the NPV was lower. This may be due to our approach of measuring
the average elasticity of the entire LN, which could compromise sensitivity and hinder early detection of elastic
changes. However, this method may be more appropriate for screening high-risk populations. For instance, if a
patient has a history of tumors and the measured elasticity value is elevated, our diagnostic confidence can be
significantly enhanced.

We also investigated the potential correlation between the E value and LN size. However, neither the analysis
of all LN samples nor the subgroup analyses revealed a significant correlation between these variables. We
hypothesize that this may be attributed to the limited sample size of our LNs and the non-normal distribution
of the selected LN sizes. Furthermore, the substantial variability in pathological types across the LN groups may
have partially influenced the results.

Our study has several limitations. Firstly, the sample size is small, particularly the number of benign LN is
not as extensive as malignant LNs. Secondly, this study has a certain selection bias, particularly in benign LNs,
the proportion of completely normal LNs is very small, mostly reactive hyperplasia, granulomatous LNs, etc.
Furthermore, both lymphoma and metastatic LNs encompass a diverse array of pathological types; however, the
number of cases for each subtype remains relatively limited, posing significant challenges in conducting detailed
studies on specific pathological subtypes. In the subsequent phase of our investigation, we aim to expand the
sample size of these specific pathological subtypes. Thirdly, due to the differences in the results of E values caused
by different machines and different ROI placement methods, specific cut-off values may be limited in clinical
practice of different institutions.

Conclusions

In conclusion, our study demonstrates that the stiffness of benign LNs, lymphoma, and metastatic LNs
increases in turn. 2D-SWE is expected to be a promising imaging method for preoperative differentiation of the
pathological properties of superficial LNs.

Data availability
The data that support the findings of this study are available on request from the corresponding author (qinx-
iaojuanll@hust.edu.cn).
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