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High-resolution 3D volumetry 
versus conventional measuring 
techniques for the assessment of 
experimental lymphedema in the 
mouse hindlimb
Florian S. Frueh1,2,*, Christina Körbel1,*, Laura Gassert1, Andreas Müller3, 

Epameinondas Gousopoulos4, Nicole Lindenblatt2, pietro Giovanoli2,  

Matthias W. Laschke1 & Michael D. Menger1

Secondary lymphedema is a common complication of cancer treatment characterized by chronic 
limb swelling with interstitial inflammation. The rodent hindlimb is a widely used model for the 
evaluation of novel lymphedema treatments. However, the assessment of limb volume in small 
animals is challenging. Recently, high-resolution three-dimensional (3D) imaging modalities have been 
introduced for rodent limb volumetry. In the present study we evaluated the validity of microcomputed 
tomography (µCT), magnetic resonance imaging (MRI) and ultrasound in comparison to conventional 
measuring techniques. For this purpose, acute lymphedema was induced in the mouse hindlimb by 
a modified popliteal lymphadenectomy. The 4-week course of this type of lymphedema was first 
assessed in 6 animals. In additional 12 animals, limb volumes were analyzed by µCT, 9.4 T MRI and 
30 MHz ultrasound as well as by planimetry, circumferential length and paw thickness measurements. 
Interobserver correlation was high for all modalities, in particular for µCT analysis (r = 0.975, p < 0.001). 
Importantly, caliper-measured paw thickness correlated well with µCT (r = 0.861), MRI (r = 0.821) and 
ultrasound (r = 0.800). Because the assessment of paw thickness represents a time- and cost-effective 
approach, it may be ideally suited for the quantification of rodent hindlimb lymphedema.

The lymphatic system is important for the regulation of fundamental biological processes such as immune 
response, intestinal lipid absorption and tissue fluid homeostasis1,2. The cardinal manifestation of lymphatic dys-
function is lymphedema, a condition which is characterized by limb swelling, chronic interstitial inflammation 
and connective or fat tissue deposition3,4. Based on the triggering cause it can be classified into primary and 
secondary lymphedema5.

Primary lymphedema has a genetic background with a dysfunctional lymphatic system, either already symp-
tomatic after birth or later in life6. In contrast, acquired damage of collecting lymphatic vessels causes secondary 
lymphedema. In the United States, more than 5 million people suffer from cancer-related lymphedema7, the most 
common form in developed countries. Lymph node dissection and irradiation result in the formation of scar 
tissue, which is a key inhibitor of lymphatic regeneration8. In particular, breast cancer and melanoma are associ-
ated with high rates of secondary lymphedema9. Despite reduced surgical invasiveness, recent data indicate that 
20% of female breast cancer patients undergoing axillary lymph node dissection will develop arm lymphedema10. 
Given the livelong course of the disease, lymphedema has a highly relevant socio-economic burden.

Many animal models have been established for the analysis of lymphedema pathophysiology and the devel-
opment of novel approaches for its treatment. However, the induction of chronic lymphedema in animals is 
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challenging and requires lymphatic interruption by means of surgery and irradiation11. The rodent limb is a fre-
quently used model to study lymphatic regeneration after lymph node resection12,13 and emerging lymphedema 
treatments such as vascularized lymph node transfer14–18 or stem cell transplantation19,20. For this purpose, the 
valid assessment of limb volume is a major prerequisite.

Recently, high-resolution three-dimensional (3D) imaging techniques such as magnetic resonance imaging 
(MRI) or microcomputed tomography (µ CT) have been introduced for rodent limb volumetry21,22. However, the 
validity and reliability of these complex 3D techniques for limb volume assessment compared to conventional 
measuring techniques have not been systematically evaluated so far. Therefore, in the present study we assessed 
the hindlimb volumes in an acute lymphedema mouse model by means of µ CT, 9.4 T MRI and high-resolution 
30 MHz ultrasound (hrUS) as well as planimetry, circumferential length and paw thickness measurements. 
Subsequently, we calculated interobserver variability and performed a correlation analysis for the comparison of 
the different techniques.

Results
Acute hindlimb lymphedema model. Acute lymphedema was induced in C57BL/6 mice by means of 
popliteal lymphadenectomy, circular skin incision and cautery (Fig. 1a–c). In pilot experiments, we first assessed 
the course of this type of acute lymphedema during 28 days. Limb swelling peaked 1 to 3 days after surgery 
(maximal ratio operated/non-operated leg: 1.7) and rapidly decreased throughout the following observation 
period (Fig. 1d–f). Noteworthy, there was still significant paw swelling after 28 days (ratio: 1.1, p <  0.05) (Fig. 1g). 
Based on these results the evaluation of different volumetric techniques was performed in groups of 3 animals 
between day 3 and 10 after surgery, which guaranteed a well-distributed data set for correlation analyses (Fig. 1g). 
Additional qualitative histological and immunohistochemical analyses revealed markedly increased paw swelling 
and dilated lymphatic vessels on day 3, reflecting acute lymph stasis (Fig. 1h,j). In contrast, 10 days after surgery, 
paw volume had decreased and lymphatic vessels exhibited normal configuration (Fig. 1i,k).

3D hindlimb volumetry. The volumes of operated and contralateral non-operated hindlimbs were assessed 
by means of µ CT, 9.4 T MRI and hrUS (Fig. 2a–l). The analysis included the determination of the overall volume 
(in mm3) of each hindlimb. For this purpose, boundaries were manually outlined in parallel slices separated by 
1 mm step size in the 3D modality images and volumes were calculated by integrating the outlined areas. Volumes 
were assessed with the gluteal skinfold as a landmark (Fig. 2e), because circumferential hindlimb boundaries 
could be outlined up to this point.

All 3D techniques resulted in high-resolution hindlimb images. In addition, due to high soft-tissue con-
trast, MRI and hrUS allowed visualization of edematous and thickened dermal tissue in operated hindlimbs 
(Fig. 2c,e,i,k). Volume assessment with hrUS was complicated by dorsal acoustic attenuation in axial images, 
which was overcome by extrapolation when measuring limb circumference (Fig. 2k,l). Examination times for the 
different 3D techniques are summarized in Table 1.

Using the gluteal skinfold as a landmark, the linear correlation between volume measurements of two observ-
ers was high for all 3D techniques (Fig. 3a,c,e). µ CT 3D volumetry showed the highest correlation with r =  0.975 
(Fig. 3a,b). In contrast, MRI and hrUS showed a higher measurement variability between observers as illustrated 
by additional Bland-Altman analyses (Fig. 3d,f). Moreover, there was an insufficient correlation among 3D vol-
umetric modalities (Fig. 4a–f). To overcome this inaccuracy, we developed a more standardized method to cal-
culate hindlimb volumes in 3D modalities. For this purpose, the distal tibio-fibular (TF) joint was defined as a 
new landmark and the limb volume distal to the joint was calculated (Fig. 5). Volumes calculated using the distal 
TF-joint landmark correlated well among the 3D techniques (Fig. 4g–l).

The measurement of limb circumference has been frequently used to monitor experimental lymphedema in 
rodents. However, measuring with a string is prone to inaccuracy due to the small limb and the risk of compres-
sion. To prevent methodological inaccuracies of this conventional technique, we evaluated limb circumferences 
in axial T2-weighted MR images at the distal TF joint (Fig. S1a,b). This approach also allowed an accurate com-
parison of MRI-based limb circumferences with 3D volumes. The correlation between the two modalities was 
acceptable (r =  0.796; Fig. 6a). However, the calculation of hindlimb ratios (operated divided by non-operated 
leg) showed that circumferential measuring was less sensitive for the detection of lymphedema than 3D volum-
etry (Fig. 6b,c).

Conventional measuring techniques. The volumes of operated and contralateral non-operated hind-
limbs were additionally assessed by means of planimetry, circumferential length and paw thickness measure-
ments. For planimetric analyses, photographs of the operated and non-operated limbs were taken under a 
stereomicroscope and recorded on DVD. The images were analyzed by means of the software package ImageJ23. 
For this purpose, we measured the limb area in a standardized template (Fig. S1c,d). Paw thickness was measured 
with an electronic caliper. To standardize measurements, they were performed in a transverse technique between 
the first and second proximal pad of the paw for all time points (Fig. S1e).

We found high interobserver correlations of all conventional measuring techniques (Fig. 3g,i,k). Caliper 
measurements revealed fewer outliers than the other approaches. Importantly, paw thickness correlated well 
with 3D volumes measured by µ CT, MRI or hrUS (Fig. 7a–f). Surprisingly, there was no correlation with 
two-dimensional planimetry (Fig. 7g,h) and only moderate correlation with circumferential length measurement 
(Fig. 7i,j). Additionally, the assessment of paw thickness resulted in higher leg ratios than the other techniques 
(Fig. 7b,d,f,h,j).
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Figure 1. Animal model. (a–c) After methylene blue injection (a) the popliteal lymph node was visualized (b, 
asterisk). The afferent lymphatic vessels ran parallel to the iscial vein and were ligated (b, arrow). Subsequently, the 
popliteal fat pad including lymph nodes and efferent lymphatic vessels was resected (c). (d–f) Stereomicroscopic 
images illustrating paw edema with regression between day 3 (d) and day 10 (f). (g) Acute lymphedema in the 
mouse hindlimb over 28 days. Four experimental groups (n =  3 per group) were measured twice during the phase 
of postsurgical swelling (colored arrows) using different volumetric techniques. At the end of the experiment, 
there was still significant paw swelling (n =  6; mean ±  SEM; *p <  0.05). (h,i) HE-stained paw cross-sections 
with increased dermal thickness 3 days (h) after lymph node dissection. Ten days after surgery (i), the paw 
volume had markedly decreased. Scales =  1 mm. (j,k) Inserts of (h,i). Dermal lymphatic vessels were dilated 
on day 3 (j, arrowheads), but exhibited normal configuration on day 10 (k, arrowheads) as shown by means of 
immunohistochemical staining with LYVE-1. Scales =  140 µ m.
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Discussion
The high prevalence of cancer-related lymphedema indicates urgent needs for novel treatment strategies.  
Microsurgical interventions to treat lymphedema include the transplantation of lymphatic vessels24, 
lymphatico-venular anastomosis25 or vascularized lymph node transfer26. These approaches do not reverse the 
underlying pathophysiology and may only provide stabilization or delay in the development of end-stage sequelae 
as disfigurement and loss of function5.

Robust animal models, such as the rodent hindlimb, are indispensable for the establishment of novel treat-
ments. However, beside translational issues, the lack of knowledge about the quality of volumetric modalities is 
a major concern in experimental lymphology11. Therefore, in the present study we assessed in detail the perfor-
mance of different volumetric techniques for the mouse hindlimb.

Surgery in combination with irradiation is commonly applied for the induction of chronic lymphedema 
in animals7,22. Nonetheless, approaches inducing acute lymphatic damage without irradiation have been used 
for the study of vascularized lymph node transfer and growth factor treatment27,28. In addition, Mendez et al.13 

Figure 2. µCT, MRI and hrUS for hindlimb volumetry. (a–l) Coronal (a–f) and axial (g–l) hindlimb images 
of µ CT (a,b,g,h), MRI (c,d,i,j) and hrUS (e,f,k,l) 3 days after popliteal lymphadenectomy. In T2-weighted MR 
images, the thickened and edematous tissue was characterized by epifascial hyperintensity (c, arrowheads). In 
contrast, 30 MHz hrUS objectified lymphedema as a hypoechoic layer (e, arrowheads). (e) Arrow =  gluteal fold, 
which was used as a landmark for volume calculation. In axial images, tibia (g–l, white arrowhead) and fibula 
(g–j, black arrowheads) can be reliably identified. Note the dorsal acoustic attenuation in hrUS (k,l, asterisk). 
LE =  lymphedema; scales (a–f) =  4.5 mm; (g–l) =  3 mm.

Modality Costs Examination time (min ± SD) Anesthesia required? Lymphatic imaging possible?

µ CT +  +  + 14.6 ±  2.2 yes yes

MRI +  +  + 34.9 ±  2.8 yes yes

hrUS +  +  + 4.9 ±  0.9 yes no (yes)

Planimetry +  + 1.0 ±  0.3 yes no

Circumference + not assessed no no

Caliper + 1.2 ±  0.2 no no

Table 1.  Features of different techniques for rodent hindlimb volumetry. 3D techniques are associated with 
high costs, longer examination times (i.e. time span from anesthetic induction to end of imaging) and always 
require anesthesia. They bear the advantage of additional lymphatic imaging using lymph-affine contrast agents. In 
contrast, conventional techniques are time- and cost-efficient methods to assess surrogate parameters for rodent 
hindlimb volumes. For maximal accuracy, hindlimb planimetry should be performed under anesthesia as well.
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Figure 3. Interobserver variability of hindlimb volumetry modalities. (a–l) µ CT showed the highest 
correlation between two observers (a) and a low measurement variability (b) compared to other modalities as 
assessed by linear correlation (a,c,e,g,i,k) and Bland-Altman analyses (b,d,f,h,j,l). Despite low interobserver 
variability, MRI, hrUS, planimetry and MRI-measured circumference were associated with higher measurement 
variations (c–j). Dashed line =  mean difference between observers; dotted line =  double standard deviation. 
n =  48 for µ CT, MRI, hrUS, MRI circumference and caliper; n =  42 for planimetry.
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demonstrated in an acute lymphedema model of the rat forelimb that removal of axillary lymph nodes induces 
a chronic and latent lymphatic insufficiency. Herein, we used such a modified acute lymphedema model for the 
analysis of limb volumetry. The combination of radical popliteal lymphadenectomy, circular skin incision and 
cautery led to limb swelling which persisted up to 28 days. The rapid decrease of postsurgical hindlimb swelling 
was particularly useful for correlation analyses of different volumetry techniques due to a well-distributed data 
set.

Recently, 3D imaging modalities have been applied for limb volumetry in humans29 and rodents21,22 with 
lymphedema. Little is known about their validity in comparison to conventional methods such as the assess-
ment of circumferential length or paw thickness. Therefore, we analyzed µ CT-, MRI- and hrUS-volumetry in the 
mouse hindlimb. All modalities were characterized by a high interobserver correlation. We further found that 
high correlations between the different 3D techniques crucially depend on standardized landmarks for volume 
calculation. The assessment of hindlimb volumes using the gluteal fold as a landmark was inaccurate, probably 
due to variable positioning of the animals. In contrast, volume calculations using a more reproducible landmark, 
i.e. the distal TF-joint, yielded high correlation coefficients. These novel findings suggest that it may be reasonable 
to limit experimental 3D limb volumetry to distal parts of the extremity, as more proximal areas are hardly assess-
able without positioning-dependent measurement errors.

In contrast to conventional techniques, 3D volumetry modalities allow the visualization of histopathological 
lymphedema hallmarks such as soft tissue fibrosis and fat deposition. Moreover, they enable dynamic imag-
ing of the lymphatic system. However, in preclinical research with small rodents, intralymphatic application 
of contrast agents is nearly impossible30. In close analogy to human procedures, indirect MR lymphangiogra-
phy with intradermal contrast application has been employed for dynamic imaging of the lymphatic system in 
mice31–33. CT-based lymphangiography similarly depends on the development of lymph-affine contrast agents 

Figure 4. Correlation between different 3D volumetry modalities. (a–f) Linear correlations (a,c,e) and 
Bland-Altman plots (b,d,f) of 3D volumetry using the gluteal fold as landmark. Hindlimb volumes are 
illustrated in grey scale with non-operated controls (white circles) and operated limbs (day 3–10: black to bright 
grey circles). The volumes calculated with the gluteal fold landmark correlated poorly among the 3D modalities 
and led to a random distribution of the volumes without the expected grouping into control and operated 
hindlimb volumes. (g–l) After standardized measuring with the distal TF-joint landmark, 3D volumetry 
exhibited good correlations (g,i,k). However, the higher the hindlimb volumes, the higher the measurement 
variability was as shown in Bland-Altman analyses (h,j,l; black circles). Dashed line =  mean difference between 
volume measurements; dotted line =  double standard deviation; n =  48.
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and promising advances have been made in the field34. While µ CT and MRI are more established, photo-acoustic 
detection of lymphatic vessels is still in its infancy35. Because most conventional contrast agents are not specifi-
cally absorbed by the lymphatic system and, thus, are not suitable for small animal lymphangiography, a broad 
preclinical use of MRI and µ CT for this purpose is still restricted to expensive or not commercially available 
products.

Many researches use conventional techniques to estimate the rodent hindlimb volume when reporting out-
comes of experimental lymphedema treatment. Common parameters are the assessment of water displacement36, 
circumferential length37–39 or paw thickness7,19. Importantly, while well established in human lymphology40, water 
displacement has been shown to yield inaccurate measurements in the mouse-tail model41. Measuring hindlimb 
volumes with water displacement is even more challenging due to the small and short extremities and difficult 
standardization. Therefore, unless plethysmometers are available36,42, water displacement may be inaccurate for 
the assessment of rodent limb volumes. Accordingly, we did not perform water displacement in this study.

The caliper represents an inexpensive and simple tool for the assessment of rodent paw thickness. It has been 
used as a surrogate parameter for hindlimb volume in experimental lymphedema research7,19, but its eligibility 
for this purpose has not been specifically analyzed. Planimetry as well as the measurement of circumferential 
length and paw thickness showed high interobserver correlations. Moreover, caliper-measured paw thickness 
was characterized by the smallest measurement variation even though it revealed the highest values for limb 
swelling as assessed by means of leg ratio. The correlation of the caliper measurements with all 3D volumetry 
modalities was high (r =  >0.8) and Bland-Altman analyses revealed that caliper-measured leg ratios were slightly 

Figure 5. The distal TF-joint as landmark for standardized 3D limb volumetry. (a–e) The distal TF-joint 
was located in the distal third of the mouse hindlimb, as shown in an illustration (a) and 3D reconstruction 
of the hindlimb skeleton (b). It could be reliably localized in axial images of 3D modalities (c,d,e). Proximal 
to the TF-joint (c), both tibia (white arrowhead) and fibula (black arrowhead) were detectable. More distally, 
the two bones articulated (d, arrow). The level of the TF-joint was used for MRI-based calculations of limb 
circumference. (a) was drawn by Carol De Simio (University Hospital Zurich).
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higher than those of µ CT, MRI and hrUS. Interestingly, planimetry and circumferential length poorly correlated 
with paw thickness. The question, whether the caliper overestimates the ratio, i.e. the severity of lymphedema, or 
whether other modalities tend to underestimate the volume deserves special attention. In fact, gravitational forces 
influence lymphedema in humans43, a phenomenon that could also aggravate rodent paw swelling. Therefore, the 
caliper may be especially sensitive for the assessment of rodent limb lymphedema. Furthermore, paw thickness is 
already a well-established parameter in experimental research of inflammatory arthritis44,45.

Taken together, this study demonstrates that the calculation of hindlimb volumes in mice can be achieved in 
different ways. 3D techniques such as µ CT, MRI and hrUS are expensive, time-consuming and must be strictly 
standardized for valid and reliable measurements. In contrast, caliper-measured paw thickness may be the most 
suitable method to assess the course of rodent lymphedema. It represents an inexpensive, technically feasible, fast 
and reproducible method with a high sensitivity to detect changes of paw volume.

Methods
Animals. For the establishment of the acute lymphedema model, we used male C57BL/6 mice (Institute for 
Clinical & Experimental Surgery, Saarland University, Homburg/Saar, Germany) with a body weight of 28–31 g 
(n =  6). For the volumetric study, male C57BL/6 mice with a body weight of 25–27 g (n =  12) were used. The 
animals were housed one per cage with a 12-h day/night cycle and were fed ad libitum with water and stand-
ard pellet food (Atromin, Lage, Germany). The local governmental animal care committee (Landesamt für 
Verbraucherschutz, Saarbrücken, Germany) approved all experiments. They were conducted in accordance with 
the European legislation on the protection of animals (Directive 2010/63/EU) and the NIH guidelines on the care 
and use of laboratory animals (NIH publication #85-23 Rev. 1985).

Figure 6. 3D volume and circumference measurements with MRI. (a–c) The two types of measurement 
correlated (a) but 3D volumetry revealed markedly higher limb ratios, as depicted by Bland-Altman analysis 
(b). Dashed line =  mean difference between ratios; dotted line =  double standard deviation; n =  48; day 
3-10 =  black to bright grey circles; non-operated control limbs =  white circles. (c) Limb ratios based on 3D 
volumes were consistently higher throughout the course of the study (3D volume: black circles; circumference: 
white circles; n =  3 for each time point; mean ±  SEM; *p <  0.05).
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Figure 7. Caliper-measured paw thickness versus other hindlimb volumetry modalities. (a–j) Linear 
correlations (a,c,e,g,i) and Bland-Altman plots (b,d,f,h,j) comparing caliper-measured paw thickness with 
other hindlimb volumetry modalities. The caliper correlated well with 3D volumetry (a–f) but no or low 
correlation with planimetry (g,h) and circumferential length (i,j) was recorded. Importantly, hindlimb ratios 
based on paw thickness were higher than those calculated with the other modalities (n =  48 for µ CT, MRI, 
hrUS, MRI circumference and caliper; n =  42 for planimetry; day 3–10 =  black to bright grey circles; non-
operated control limbs =  white circles; dashed line =  mean difference between ratios; dotted line =  double 
standard deviation).
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Animal model. Mice were anesthetized by intraperitoneal injection of ketamine (75 mg/kg body weight; 
Ursotamin, Serumwerk Bernburg AG, Bernburg, Germany) and xylazine (15 mg/kg body weight; Rompun, 
Bayer, Leverkusen, Germany). To induce lymphedema, we combined and modified the surgical steps of previ-
ously established hindlimb models19,38. For this purpose, hindlimbs were depilated (Nair hair removal cream, 
Church & Dwight Canada Corp., Mississauga, ON, Canada) and the animals were placed in prone position. 
After intradermal injection of 15 µ L methylene blue 10% (Carl Roth GmbH, Karlsruhe, Germany) in the right 
middle phalanx with a 31 Gauge syringe (Hamilton Bonaduz AG, Bonaduz, Switzerland) (Fig. 1a), a circular 
incision was performed over the popliteal fossa. The stained afferent lymphatic vessels were ligated with 10/0 
monofilament (Monosof; Covidien Deutschland GmbH, Neustadt/Donau, Germany) and the fat pad contain-
ing the popliteal lymph node and the efferent lymphatic vessels was microsurgically resected under continu-
ous hemostasis (Erbe Kauter B; Erbe Elektromedizin GmbH, Tübingen, Germany) maintaining the surrounding 
muscles intact (Fig. 1b,c). Finally, circumferential epifascial cautery was performed to block superficial lym-
phatic vessels. The skin was closed with interrupted 5/0 monofilament (Prolene; Ethicon, Johnson & Johnson 
Medical GmbH, Norderstedt, Germany). Postoperative analgesia was provided for 3 days with tramalhydrochlo-
ride (40 mg/100 mL drinking water; Grünenthal GmbH, Aachen, Germany). The contralateral hindlimb was not 
operated and served as internal control.

µCT. Imaging was performed in isoflurane anesthesia and supine position by means of the in vivo SkyScan 
1076 µ CT system (Bruker, Kontich, Belgium). The 35 mm transaxial field of view (FOV) allowed imaging of both 
hindlimbs. An oversize scan, which was performed by connecting 3 scans with an estimated acquisition time of 
11 min, enabled the visualization of the hindlimbs from phalanx to pelvis. The scan parameters were 35 µ m pixel 
size, 50 kV, 200 µ A, 0.5 mm Al filter, angular rotation step 0.8° and an exposure time of 58 ms. The recorded images 
were segmented using an adaptive thresholding algorithm provided by the SkyScan software CTan, because the 
observation of bone and soft tissue precluded the use of global thresholding46. Quantitative analysis of the 3D 
measurements was performed by means of the appropriate software licensed to Bruker (CTan).

MRI. MRI was performed in isoflurane anesthesia using a linear polarized coil (inner diameter: 38 mm) devel-
oped for imaging of the mouse abdomen and a horizontal bore 9.4 T MRI animal scanner equipped with the 
operating software Paravision 6.0.1 (Bruker Biospin Inc., Billerica, MA, USA) (Fig. S1f). Because hindlimb imag-
ing was prone to partial volume effects, we used a water-filled phantom to facilitate sufficient magnetic field 
homogeneity.

The hindlimb protocol consisted of a fast low angle shot based 3D localizer, followed by extensive 1st and 2nd  
order shimming of the entire FOV. Subsequently, adjustments of resonance frequency, radio frequency pulse 
strength and receiver gain were performed and slice geometry was adjusted to animal placement within the 
isocenter. 3D volumetry datasets were recorded with a 3D rapid acquisition relaxation enhanced (RARE) 
sequence with flipback RF pulse, facilitating T2-weighted imaging with low repetition time (TR). Datasets were 
recorded with the following settings: Slice orientation coronal, TR 500 ms, echo time 33 ms, RARE factor 16, 
excitation/re-focussing flip angle 90°/180°, number of averages 2, zero fill in read phase and slice directions 2, 
FOV 42 ×  35 ×  20 mm3, matrix size 420 ×  350 ×  200, resulting voxel size 100 ×  100 ×  100 µ m3. Axial MR images 
were reconstructed with the MRI scanner operating software and exported as DICOM (Digital Imaging and 
Communications in Medicine) images for further processing with the free DICOM software OsiriX™  Lite (ver-
sion v.7.0.3; Pixmeo, Geneva, Switzerland). The hindlimb volumes were manually calculated by integrating the 
outlined areas for MRI measurements using a spreadsheet program (Office Excel® 2007; Microsoft, Redmond, 
WA, USA).

hrUS. Mice were anesthetized with isoflurane and put on a heated stage (Fig. S1g). Chemical depilation (Nair 
hair removal cream) was done to prevent air trapped in the fur from interfering with ultrasound coupling into 
the animal. To distinguish between the stage and the hindlimb, ultrasound coupling gel (Aquasonic 100, Parker, 
Fairfield, NJ, USA) was circumferentially applied to hindlimbs and pelvis (Fig. S1g).

Imaging was performed by means of a Vevo 770 high-resolution ultrasound system (VisualSonics, Toronto, 
ON, Canada) and a real-time microvisualization 707B Scanhead (VisualSonics) with a center frequency of 
30 MHz and a focal depth of 12.5 mm. For 3D imaging the scanhead, driven by a linear motor, scanned first the 
non-operated and then the operated hindlimb. The technique yielded two-dimensional (2D) images at parallel 
and uniformly spaced 100 µ m steps. The 2D image planes enabled rapid 3D image reconstruction, displaying a 
dynamic cube view format, as previously described47. Volume calculations were performed with the software 
licensed VisualSonics (Vevo 770 V2.3.0).

Histology and immunohistochemistry. For light microscopy, formalin-fixed paws were embedded in 
paraffin. The paraffin blocks were cut until the desired plane and decalcified with Osteomoll® (Merck KGaA, 
Darmstadt, Germany) for 10 min. Subsequently, 2 µ m sections were cut and stained with hematoxylin and eosin 
(HE) according to standard procedures. For the immunohistochemical detection of lymphatic vessels, additional 
sections were stained with a polyclonal rabbit IgG-antibody against lymphatic vessel endothelial hyaluronan 
receptor (LYVE)-1 (1:50; Abcam, Cambridge, UK). A peroxidase-labeled goat-anti-rabbit IgG-antibody (1:200; 
Dianova, Hamburg, Germany) served as secondary antibody and 3-amino-9-ethylcarbazole (ready-to-use, 
ab64252; Abcam) was added as chromophor. The sections were counterstained with Mayer’s hemalum solu-
tion (HX948000; Merck, Darmstadt, Germany) and examined under a BX60 microscope (Olympus, Hamburg, 
Germany) for qualitative analyses.

Statistics. Data were analyzed for normal distribution and equal variance. Differences between non-operated 
and operated legs were tested by an unpaired Student’s t test. Linear correlation (Pearson’s coefficient of 
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correlation for parametric distribution or Spearman’s coefficient of correlation for nonparametric distribution) 
and Bland-Altman analyses were performed to evaluate correspondence of different measurement techniques 
detecting hindlimb swelling. To create a Bland-Altman plot, the mean of all measured values detected by two 
different observers or techniques was plotted on the horizontal axis and the difference between the two types 
of measurement was plotted on the vertical axis48. Values were expressed as mean ±  standard error of the mean 
(SEM). Statistical significance was set for p <  0.05.
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