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Abstract

Purpose: This study was designed to investigate the role of 68Ga-NOTA-Evans Blue (NEB) 

time-of-flight (TOF) positron emission tomography/magnetic resonance (PET/MR) in evaluating 

lower limb lymphedema by visual analysis and novel parameters.

Methods: Thirteen patients with unilateral lower limb lymphedema were divided into 3 groups 

according to the clinical severity: minimal (4 patients), moderate (5 patients), and severe (4 

patients). All patients underwent 68Ga-NEB TOF PET/MR lymphoscintigraphy. The ratio of 

superficial lymphatic vessel (SLV)’s Standardized uptake value (SUV) vs deep lymphatic vessel 

(DVL)’s SUV (SUVslv/dlv) was designed to assess the level of lymphedema severity. The 

correlation between lymphedema severity and lymphoscintigraphy findings was determined using 

one-way analysis of variance, the t test, and Pearson correlation analysis.

Results: There was a significant difference in the SUVslv between the affected limbs and normal 

limbs in all subjects (affected limbs: 0.57±0.32, normal limbs: 1.86±1.43, P<0.05), which was not 

found in the SUVdlv (affected limbs: 0.64±0.39, normal limbs: 0.63±0.31, P>0.1). The SUVslv/dlv 

of the affected limbs showed statistical differences within the three groups (P<0.05) (minimal 

group: 1.91±0.45; moderate group: 0.84±0.16; severe group: 0.42±0.11). The statistical analysis 

revealed a negative correlation between SUVslv/dlv and the severity of lymphedema (r = −0.899, 

P<0.01).
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Conclusions: 68Ga-NEB TOF PET/MR lymphoscintigraphy can provide anatomical and 

functional information of lymphatic vessels to guide surgery plans. SUVslv/dlv was well correlated 

with clinical lymphedema severity and might be potential in evaluating bilateral lower limb 

lymphedema.
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Introduction

Lymphedema is a progressive, chronic condition.1 Secondary lower limb lymphedema is 

mainly caused by lymph node dissection after pelvic malignant tumor resection.2 Severe 

lower limb lymphedema significantly reduces the patient’s quality of life, and even affect 

their mental health.3, 4 Early detection and severity assessment of lymphedema, commonly 

based on changes in the circumferences or volume of affected limb compared to that of 

contralateral unaffected limb, facilitates early interventions (conservative or operative) and 

offers greater treatment success.3, 5, 6 99mTc-sulfur colloid (SC) lymphoscintigraphy is the 

first-line imaging method to diagnose lymphedema.7 Limb volume is correlated with the 

severity of lymphedema based on the International Society of Lymphology classification.8 

To forecast lymphedema severity, some methods measuring the limb volume has been used 

in clinics.9, 10 Tape measurement is the most frequently used method for calculating limb 

volume clinically.9, 10 Computed tomography (CT) and magnetic resonance (MR) imaging 

are helpful for measuring the subcutaneous volume of limbs, and both tools provide 

objective measurements in consideration of the effect of muscle disuse atrophy.11, 12 

Traditional measurement approaches play a certain role in evaluating the severity of 

unilateral lower limb lymphedema, while those measurements of limb volume have a 

common disadvantage that the patients with lymphedema must have a normal limb to be 

compared with the swollen limb. Clinical severity evaluation in cases of bilateral lower limb 

lymphedema presents a challenge to clinicians.8

68Ga-NOTA-Evans Blue (NEB) time-of-flight (TOF) positron emission tomography (PET) 

lymphoscintigraphy has been used to evaluate lymphatic drainage function and provide 

guidance for microsurgery treatment schemes.2 It is expected that 68Ga-NEB TOF PET/MR 

might present more detailed information about the anatomy and function of the lymphatic 

system.13

The purpose of this study was to investigate the role of 68Ga-NEB TOF PET/MR 

lymphoscintigraphy in guiding microsurgery schemes and the potential value of a new 

parameter, the ratio of superficial lymphatic vessel (SLV)’s Standardized uptake value 

(SUV) vs deep lymphatic vessel (DVL)’s SUV (SUVslv/dlv), in evaluating the severity of 

bilateral lower limb lymphedema.
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Materials and methods

Patient recruitment

This study was registered at clinicaltrials.gov (NCT03347864). All patients were 

recommended from the Department of Plastic Surgery, Peking Union Medical College 

Hospital (PUMCH). This clinical study was approved by the Institute Review Board of 

PUMCH and was conducted following the Declaration of Helsinki. All subjects signed 

written informed consent and were informed of the potential benefits and risks of 

participating in the investigation.

The inclusion criteria were patients (1) diagnosed with lymphedema of the unilateral lower 

limb based on 99mTc-SC lymphoscintigraphy exhibiting an absence or reduction of 

radiolabeled colloid to the regional lymph nodes and/or dermal backflow and (2) aged no 

younger than 18 years old. The exclusion criteria were patients (1) with mental illness; (2) 

with severe liver or kidney dysfunction; (3) who were allergic to intravenous (IV) 

radiographic contrast; (4) with hematopoietic dysfunction; (5) with claustrophobia who 

could not undergo PET/MR scanning; and (6) who were female and pregnant or breast-

feeding.

Clinical severity

The volume variation was a common measurement for the severity of lymphedema as 

follows: minimal, the affected limb was 5%–20% larger in volume than the normal limb; 

moderate, the damaged limb was >20% larger in volume than the normal limb; and severe, 

the impaired limb was >40% larger in volume than the normal limb.8, 14

Patients

Thirteen female patients with unilateral lower limb lymphedema were divided into 3 groups 

according to the clinical severity: minimal (4 patients), moderate (5 patients), and severe (4 

patients). The average age of the patients was 48.6 ± 9.5 years. All patients underwent 
99mTc-SC scintigraphy for comparison within 2 weeks of undergoing 68Ga-NEB TOF 

PET/MR lymphoscintigraphy.

Imaging protocols
68Ga-NEB TOF PET/MR lymphoscintigraphy

All patients underwent TOF PET/MR 20 and 40 min after subcutaneous injections into the 

first interdigital spaces of both feet (0.5 mL, 37 MBq/foot).

All imaging acquisitions were performed using an integrated PET/MR scanner (SIGNA 

PET/MR, GE, Milwaukee, Wisconsin). With regard to the coverage from the ankle to the 

pelvic cavity and the limited PET acquisition coverage of 25 cm, the scanning was 

completed by 3 or 4 bed stations, depending on the exact coverage. The ordered-subsets 

expectation maximization algorithm was used for PET image reconstruction, and the 

parameters were the following: 12 iterations, 28 subsets, and full width at half maximum of 

a Gaussian filter of 6.0 mm. The PET images were reconstructed to a matrix of 192×192, 
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and the slice thickness was 2.94 mm. For each bed station, the MR protocol included axial 

T2-weighted imaging (T2WI) and T1-weighted imaging (T1WI) as follows: (1) T2WI with a 

fast recovery fast spin echo (FSE) sequence (repetition time (TR) = 5200 ms, echo time (TE) 

= 110 ms, field of view (FOV) = 50 cm × 40 cm, slice thickness = 6 mm, no slice spacing, 

matrix = 480 × 288), and the iterative decomposition of water and fat with echo asymmetry 

and least-squares estimation (IDEAL) method was used to achieve better fat saturation; and 

(2) T1WI with a FSE sequence (TR = 420 ms, TE = 10.3 ms, FOV = 50 cm × 40 cm, slice 

thickness = 5 mm, no slice spacing, matrix = 512 × 288), and IDEAL was also used to 

obtain separated water, fat, in-phase, and out-of-phase images. The scanning lasted about 6 

min per the PET acquisition for each station. After imaging of all the stations, the scanning 

repeated from the first one. After the second acquisitions of all stations, coronal MR imaging 

with a large FOV was performed as follows: (1) fat-saturated single-shot FSE to achieve 

T2WI (TR = 2000 ms, TE = 50 ms, FOV = 50 cm × 50 cm, slice thickness = 5 mm, slice 

spacing = 1 mm, matrix = 352 × 224) and (2) T1WI with liver acquisition with volume 

acceleration-flex, TR = 4.2 ms, TE = 1.1 ms, FOV = 50 cm × 50 cm, slice thickness = 1.5 

mm, matrix = 480 × 352) to achieve high resolution and homogeneous fat saturation.

Imaging analysis and statistics

Visual and semi-quantitative methods were applied for image analysis. The images were 

analyzed and diagnosed by two experienced nuclear medicine physicians and two 

experienced radiologists together.

The visual method was used to evaluate the lymphatic system, including the number, 

location, and distribution of lymphatic vessels and glands.

(Regions of interest) ROIs were used to measure SUVslv and SUVdlv. The middle of the 

crus, middle of the leg, and middle of the thigh were chosen as three key ROIs. The 

maximum SUV (SUVmax) of both SLVs and DLVs in the three regions were measured 

respectively. The SUVslv was set as the average SUVslvmax of these three regions. The 

SUVdlv was set as the average SUVdlvmax of these three regions Meanwhile, the ratio of 

SUVslv to SUVdlv (SUVslv/dlv), a new parameter, was designed to assess the severity of 

lymphedema (Table 1). The SUV was calculated based on the dose of 68Ga-NEB and weight 

of the patients.

The correlation between lymphedema severity and 68Ga-NEB TOF PET/MR 

lymphoscintigraphy findings was determined using one-way analysis of variance, the t test, 

and Pearson correlation analysis. The results were expressed as x±s. SPSS 24.0 Software 

(IBM SPSS, Chicago, IL, USA) was used for statistical analyses.

Results

The level of swelling in lower limbs with lymphedema increased from the minimal group to 

the severe group (Fig. 1a-1c). The qualitative image findings of 99mTc-SC 

lymphoscintigraphy, like dermal backflow and decreased lymph node accumulation in the 

affected lower limbs, could be observed in all three groups (Fig. 1d-1f). Quantitative 
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lymphoscintigraphy analysis is not routinely applied in clinical practice due to its time-

consuming and relatively complicated operating process.

The image findings of dermal backflow and decreased lymph node accumulation of affected 

limbs on 68Ga-NEB TOF PET/MR lymphoscintigraphy were similar to those on 99mTc-SC 

lymphoscintigraphy (Fig. 2a-2f, Table 2). Moreover, the more important finding on 68Ga-

NEB TOF PET/MR lymphoscintigraphy was the detailed visualization of SLVs and DLVs. 

SLVs of defected limbs demonstrated decreased tracer uptake than normal limbs on 68Ga-

NEB TOF PET/MR, but DLVs in the normal and affected limbs showed the same degree of 

uptake in all subjects (Fig. 2a-2f). There was a significant difference in the SUVslv between 

the affected limbs and normal limbs (affected limbs: 0.57±0.32, normal limbs: 1.86±1.43, 

P<0.05, Fig. 3), but such a difference was not found in SUVdlv (affected limbs: 0.64±0.39, 

normal limbs: 0.63±0.31, P>0.1, Fig. 4). There were also much more adipose fat and tissue 

fibrosis deposition around the SLV than around the DLV.

SUVslv/dlv of affected limbs showed statistical differences among the three groups (P<0.05, 

Fig. 5) (minimal group: 1.91±0.45; moderate group: 0.84±0.16; severe group: 0.42±0.11). 

The statistical analysis revealed a negative correlation between SUVslv/dlv and the severity of 

lymphedema (r = −0.899, P<0.01).

Discussion

The technique of injection is important for lymphoscintigraphy. 68Ga-NEB was 

subcutaneously injected into the first interdigital spaces of both feet where a wheal formed 

on the skin; after that, no blood was observed in the injector while withdrawing the plunger 

of the syringe, ensuring that 68Ga-NEB was injected into the subcutaneous tissue and 

absorbed by the lymphatic circulatory system.15 When 68Ga-NEB is injected into 

subcutaneous tissue, it combines with endogenous proteins in the cellular matrix to form a 
68Ga-NEB-protein complex, which can move to the lymphatic circulatory system through 

the monolayer endothelial cells of the lymphatic capillaries.16, 17 However, the complex’s 

size is too large to have access to blood circulation through vascular endothelial cells.17, 18 

Lymphedema is the result of an overload of lymph fluid that accumulates in the 

subcutaneous space, causing an increase in limb weight, decreased limb function, increased 

risk of infection, compromised quality of life, and interference with body appearance.5, 19–22 

Surgical interventions for limb lymphedema include lymphaticovenous anastomosis and 

vascularized lymph node transfer, which help reduce the excess fluid component of 

lymphedema.23–25 Both surgery methods require correct severity assessment and maps of 

the lymph system.26, 27

The earlier that the detection and correct severity assessment of lymphedema are made, the 

greater the chances of identification of appropriate and functional vessels to manipulate, 

which is crucial for the success of surgery. The major advantage of 68Ga-NEB PET/MR lies 

in the effective combination of the ability of 68Ga-NEB PET and MR. 68Ga-NEB PET could 

quantify the function of the lymphatic system in the form of SUV, which is reflected in the 
68Ga-NEB activity concentrations, and MR could point out the position and depth of 

lymphatic vessels with anatomic accuracy. 68Ga-NEB PET/MR imaging can provide the 
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precise location and 68Ga-NEB uptake levels in lymphatic vessels that are available to 

manipulate to guide microsurgery schemes.2, 8, 18, 28–30

Several studies have investigated the utility of 99mT-SC lymphoscintigraphy in the evaluation 

of lymphatic function through quantitative analysis and considered quantitative 

lymphoscintigraphy sensitive in detecting and grading lymphedema, while the correlation 

between lymphedema clinical severity and lymphoscintigraphic findings have yet to be 

discussed.31–34 Besides that, the time-consuming and complex characteristic of quantitative 

lymphoscintigraphy has restricted its application in clinics. All thirteen patients in our study 

underwent 99mTc-SC lymphoscintigraphy for comparison, and the images were interpreted 

using a qualitative analysis method. Qualitative imaging findings, like dermal backflow and 

reduced accumulation of visualized lymph nodes, could be observed in all three groups, 

making 99mTc-SC lymphoscintigraphy not well correlated with clinical lymphedema 

severity. The study of Maclellan et al. including 134 patients with limb lymphedema 

investigated the relationship between clinical lymphedema severity and 99mTc-SC 

lymphoscintigraphy findings (dermal backflow and transit time) and did not find any 

correlation, drawing a conclusion that a lymphoscintigram should be interpreted as normal 

or abnormal instead of reflecting clinical severity or function level.35

The severity assessment of unilateral lymphedema utilized simple volume differences 

between the affected limb and normal limb, while the assessment of bilateral limb 

lymphedema remains a particular challenge to clinicians. Conventional severity assessment 

approaches (tape measurement, MR or CT) of measuring affected limb volume excess 

compared to the normal limb are not possible in cases of bilateral lymphedema, wherein 

there is no unaffected contralateral limb to act as a reference.4, 14, 26, 32, 36–40 The SUVslv/dlv 

of the affected limb showed statistical differences in the three groups (P<0.05), suggesting 

that the SUVslv/dlv, which was based on deep and superficial lymphatic function, was related 

to clinical lymphedema severity. Therefore, SUVslv/dlv could be used to assess clinical 

lymphedema severity without knowing the circumference or volume of bilateral lower limbs, 

which are indispensable parameters for conventional methods. Based on this finding, 

SUVslv/dlv shows great promise for the evaluation of bilateral lymphedema.

There was no significant difference in the SUVdlv between the affected limb and normal 

limb (P>0.1), indicating that the deep lymphatic function of the affected limb, of which the 

superficial lymphatic function was impaired, was nearly as normal as that of the unaffected 

limb. We also observed that the adipose fat and tissue fibrosis commonly observed around 

the SLV barely appeared around the DLV. One probable reason for these findings might be 

the contractile function of the muscle wrapping around the DLVs. With the cause attributed 

to the contraction of muscles wrapping the DLVs, the drainage function of the DLVs would 

not be compromised greatly. The less chance of drainage functions of DLVs being impaired 

than that of SLVs might also explain why there are less fibrotic tissue and adipose fat 

depositions around the DLV than the SLV.

Some limitations of 68Ga-NEB TOF PET/MR lymphoscintigraphy must be illuminated. The 

number of subjects was not enough, and a large-scale clinical trial is expected. The patients 

included in this study were all female, and majority of those patients underwent pelvic 
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surgery. We provided descriptive results about the extent of subcutaneous adipose fat and 

tissue fibrosis, which was inconvenient to quantify. The SUVslv/dlv was inferred to have 

potential value in evaluating bilateral lymphedema, while patients recruited in this study all 

had unilateral lymphedema. Clinical trials including patients with bilateral lymphedema to 

further clarify the specific roles of the SUVslv/dlv are also expected.

Conclusion

The severity of lymphedema might be evaluated by 68Ga-NEB TOF PET/MR 

lymphoscintigraphy, which was in accordance with the severity of lymphedema in patients 

with unilateral lymphedema in this study, so we expect that the SUVslv/dlv might be useful to 

assess the severity of lymphedema in patients with bilateral lower limb lymphedema. 

Moreover, 68Ga-NEB TOF PET/MR lymphoscintigraphy might provide information 

regarding the lymphatic system to guide lymphedema microsurgery schemes and 

postoperative follow-up. There was also an incidental discovery that the function of SLVs 

seems to be more likely affected than that of DLVs in lymphedema.
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Fig. 1. 
(a) A 50-year-old female patient had lymphedema in the left lower limb for 2 years (minimal 

group). (b) A 54-year-old female patient had lymphedema in the right lower extremity for 4 

years (moderate group). (c) A 57-year-old female patient had lymphedema in the left lower 

limb for 2 years (severe group). (a-c) Observed by vision, the swelling level gradually 

increased from the minimal group to the severe group. (d) 99mTc-SC lymphoscintigraphy 

was performed 6 hours after subcutaneous injection of the radiotracer, showing dermal 

backflow in the left extremity and reduced visualization of the left inguinal lymph nodes. (e) 
99mTc-SC lymphoscintigraphy was performed 6 hours after subcutaneous injection of 
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99mTc-SC, revealing dermal backflow in the right limb and decreased tracer uptake in the 

right inguinal lymph nodes. (f) 99mTc-SC lymphoscintigraphy indicated dermal backflow in 

the left limb and decreased tracer uptake in the left inguinal lymph nodes.
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Fig. 2. 
(a-f) 68Ga-NEB TOF PET/MR lymphoscintigraphy presented the visualization of DLVs (red 

arrow) and SLVs (yellow arrow). The lymphatic circulation of the lower extremity could be 

observed on MIP (a and d, minimal group; b and e, moderate group; c and f, severe group). 

(a) The PET image showed dermal flowback and reduced inguinal lymph node visualization 

20 mins after injection. (b) The PET image 20 mins after subcutaneous injection revealed 

dermal flowback and decreased inguinal lymph node visualization. (c) The PET image 20 

mins after subcutaneous injection showed dermal flowback and decreased inguinal lymph 

node visualization. (d-f) The axial fusion images indicated that the 68Ga-NEB accumulation 

in the SLVs of the affected limb was less than that of the normal limb (yellow arrows), and 

the 68Ga-NEB accumulation in the DLVs of the affected limb was equal to that of the 

normal limb (red arrows). There was also much more adipose fat deposition around the SLV 

than around the DLV.
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Fig. 3. 
There was a significant difference between the SUVslv of the affected limb and normal limb 

(P<0.05).
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Fig. 4. 
No significant difference was found between the SUVdlv of the affected limb and normal 

limb (P>0.1).
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Fig. 5. 
The SUVslv/dlv of the affected limb showed statistical differences among all three groups 

(P<0.05). The statistical analysis revealed a negative correlation between the SUVslv/dlv and 

severity of lymphedema (r = −0.899, P<0.01).
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Table 2

Lymph nodes scintigraphy and dermal backflow of affected extremities on 68Ga-NEB TOF PET/MR

minimal moderate severe

No. of affected extremities, n (%) 4 5 4

Reduced tracer accumulation of lymph nodes, n (%) 4(100) 5(100) 4(100)

dermal backflow, n (%) 3(75) 3(60) 2(50)
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