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Lymphedema is characterized by persistent swelling due to impaired lymphatic function and presents 
significant challenges in both research and clinical settings. Traditional contact-based measurement 
techniques such as paw thickness and circumferential measurements using calipers or silk thread 
are useful but limited by observer variability and measurement accuracy. Non-contact methods, 
including various imaging techniques, offer improvements but often at higher cost and complexity. 
In this study, we address the need for a more reliable, cost-effective, and non-invasive method for 
assessing lymphedema in mouse models. Here we show that 3D scanning technology can enhance 
the measurement of lymphedema in a mouse hindlimb model. Our results indicate that 3D scanners 
provide more consistent measurements with lower variability compared with conventional methods 
and without the need for direct contact, which could potentially alter the measurement outcomes. 
The findings of this study suggest that 3D scanning could replace traditional methods, offering 
a more standardized and less subjective tool for lymphedema research in the near future. This 
technology would not only improve upon conventional methods but also extend the capabilities for 
detailed anatomical analyses in small animal models, which could have implications for other areas of 
biomedical research.
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Secondary lymphedema is a condition marked by persistent swelling and inflammation due to impaired 
lymphatic function resulting from trauma, surgery, parasitic infection, radiation therapy, and so on1–3. This 
condition often leads to physical disfigurement and hinders the natural process of wound healing4. Because an 
effective cure has yet to be discovered, it is imperative to delve into the underlying mechanisms of this disease. 
Research involving animal models is indispensable and provides a foundational platform for biomedical research 
aimed at uncovering new insights and treatments5.

The mouse is a cost-effective and manageable animal model utilized extensively in lymphedema research6,7. 
Its diminutive size presents both challenges and opportunities in medical modeling, and proficient microsurgical 
skills are essential, given the intricacy of the structures involved. A critical aspect of evaluating the severity and 
progression of lymphedema is the gross assessment of affected areas, which are often so minute that accurate 
measurement becomes a delicate task8. Common sites selected for inducing lymphedema include the forelimb, 
hindlimb, and tail, for which the small scale requires precise and sensitive assessment techniques5. These 
techniques are broadly classified into contact and non-contact methods. Contact methods, such as caliper-
assessed paw thickness and limb circumference measurement, are straightforward but have drawbacks such as 
measurer dependency and the risk of altering results due to the deformability of swollen limbs9. In contrast, non-
contact methods, predominantly computed tomography (CT) and magnetic resonance imaging (MRI), provide 
highly precise surface anatomy and measurer-independence but both have the disadvantage of higher cost while 
CT additionally involves radiation exposure10.

Three-dimensional (3D) body imaging techniques were developed for the clothing and apparel industries11 
but have recently become widely used in the medical field. Commercially available 3D body scanners are used 
to monitor obesity, while 3D face scanners aid in facial cosmetic planning and maxillofacial surgery and can 
even capture motion and expressions12. Using these techniques, lymphedema assessments are now being 
performed in the clinical setting, such as for parasite-induced lymphedema or post-operative lymphedema13–15. 
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These examples indicate that 3D scanning is now recognized as a valuable tool for precise and reproducible 
measurements in lymphedema management.

Our study builds on this well-established clinical concept, bringing it back to the laboratory setting to evaluate 
lymphedema in experimental models using a recently released consumer-grade 3D scanner.

Materials and methods
Ethical considerations
All animal experiments were performed in accordance with the Japanese Act on Welfare and Management 
of Animals. Our animal use protocol was approved by the Institutional Animal Care and Use Committee 
of Hokkaido University (Approval No. 23–0133). Additionally, we confirm that all methods are reported in 
accordance with the ARRIVE guidelines, which supports the transparent and comprehensive reporting of 
research findings.

Lymphedema model
Eight-week-old male C57BL/6 N mice (SLC, Tokyo, Japan) were acclimatized in a controlled environment at 24 °C 
with a 12-h light/dark cycle and were given free access to food and water. They underwent a 1-week adaptation 
period before the commencement of the study. Our team developed the murine hindlimb lymphedema model 
with reference to an established procedure16. Briefly, the procedure involved a circumferential incision in the left 
inguinal region, ligation of the efferent and afferent lymphatic vessels, and removal of the popliteal and inguinal 
lymph nodes along with the adjacent fat tissue. A silicone splint (Tigers Polymer, Osaka, Japan) was placed into 
the wound and subsequently secured to both the skin and the underlying muscle, using 6 − 0 nylon sutures.

Assessment of limb circumference (silk method)
The circumferential measurement technique for the hindlimb, as reported by Yoshida et al., involves positioning 
a 5 − 0 moistened silk thread 5 mm above the heel (point A), ensuring that it lies flat against the skin without 
any gaps under a surgical microscope (S100/OPMI® pico; Carl Zeiss Surgical GmbH, Oberkochen, Germany) 
(Fig. 1a). After tying, the thread is cut and affixed to tape (Transpore white; 3 M, Maplewood, MN) (Fig. 1b) and 

Fig. 1.  Conventional technique for measuring hindlimb circumference (silk method) (a) Half-knot made with 
5 − 0 silk thread. (b) Straightened thread. (c) Microcaliper used to measure the length of the thread. (d) Caliper 
method for assessment of paw thickness.
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then meticulously measured using a vernier micrometer (Digital Caliper Mini 2 100 mm; Shinwa Rules Co., Ltd., 
Niigata, Japan) for precise accuracy17 (Fig. 1c).

Assessment of paw thickness (caliper method)
The paw thickness measurement is performed 9 mm distal to the heel (point B), using a vernier micrometer, with 
the measurements observed using a surgical microscope8.

3D scanning procedure (scanner method)
3D scanning was performed using a consumer-grade scanner (Revopoint MINI; Revopoint 3D Technologies 
Inc., Shenzhen, China), which was chosen for its high accuracy (accuracy ± 0.02  mm), as outlined in the 
manufacturer’s specifications. To ensure consistency across scans, a custom enclosure was constructed 
specifically for this study, using a 3D printer (Fig. 2a). This enclosure allowed for the stable placement of the 
scanner and secure positioning of the animal. The mouse was placed on a specially designed concave plate 
equipped with hangers to facilitate the positioning of the hindlimb. This plate was mounted on a rotating arm 
within the enclosure and set to rotate at a consistent speed of 3 to 4 revolutions per minute in order to obtain 
a complete 360-degree scan. Chalk for rock climbers (Setouchi Magnesio Climbing; Sanyou Clay Industry Co., 

Fig. 2.  3D scanning workflow, (a) 3D scanner enclosure system for mouse lower limb lymphedema 
assessment, White arrowhead: motor, Gray arrowhead: Control for adjusting revolutions per minute, Black 
arrow: 3D scanner, White arrow: Sockets for the 3D scanner, located around the circle at 0 degrees, − 30 
degrees, − 45 degrees, and − 60 degrees (worm’s eye view). Gray arrow: Mouse set on a plate hanging from the 
motor with a concave groove for the trunk of the mouse, which is 13 cm from the 3D scanner, Scale bar: 15 cm, 
(b) Collection of raw data (point cloud). Point clouds of both sides of the hindlimb were successfully collected. 
Note that the point clouds on the splint, which are an obvious landmark for volume assessment, and the distal 
toe with the nail are missing. (c) Measurement of a 3D object in virtual space using 3D Slicer, The length, area, 
and volume of the object are easily assessed using the software.
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Ltd., Okayama, Japan) was applied to the skin surface of the mouse as necessary to increase the brightness and 
enhance the capture sensitivity of the scanner. The resulting point cloud data were then carefully reviewed by 
each rater to identify and document any instances of incomplete data capture. If the gaps were determined to 
significantly distort the shape or contour of the object, corrective measures were implemented. These measures 
involved either re-scanning the object or acquiring additional data for the missing regions to ensure that the final 
point cloud data accurately reflected the true geometry of the object.

Mesh model generation and parameter measurement
Raw data were converted into mesh models using Revo Scan 5 (ver. 5.0; Revopoint 3D Technologies Inc.), the 
proprietary software of the scanner manufacturer (Fig. 2b). To streamline and simplify the processing workflow, 
we utilized the “one-click edit” feature of the software, which automates the key point cloud processing steps, 
including isolation, overlap detection, smoothing, and simplification. Next, we routinely executed the “isolation” 
and “fill holes” operations, employing the “plane” method to render the object as a solid, continuous mesh. 
After the STL file was generated by Revo Scan 5, the mesh model was imported into 3D Slicer (ver. 5.6.1; The 
Slicer Community) with a defined spacing of 0.04 mm18,19. Measurement parameters, mirroring conventional 
techniques, were manually defined using the markup tools available in 3D Slicer. The cross-sectional area at 
Point A and the volume distal to the splint were calculated (Fig. 2c). Mice in the non-operated group, which 
lacked clear landmarks for volume assessment, were excluded from the volumetric study.

Micro-CT
CT images were acquired using the IVIS Spectrum CT imaging system (PerkinElmer, Inc., Hopkinton, MA) 
under isoflurane anesthesia, with the mice placed in a prone position. The scanning parameters included a 
voxel size of 75 μm, field of view of 6 × 6 × 3 cm, aluminum filter thickness of 440 μm, binning set at 2, and 
estimated radiation dose of 13.2 mGy. The acquired images were segmented using 3D Slicer, after which 
the parameters were consistently measured (Fig.  3). We evaluated the precision and consistency of limb 
measurement techniques across a cohort of 27 mice, categorized by edema severity into three distinct groups: 
one without edema (comprising three mice), one with severe edema observed at post-operative days (PODs) 3 to 
4 (comprising three mice), and a third with moderate edema at PODs 9 to 11 (comprising three mice). To ensure 
a comprehensive assessment, three raters performed three evaluations each on different individuals within these 
groups, employing both conventional methods and the novel 3D scanning technique to measure circumference 
and paw thickness, as well as to assess cross-sectional area and volume. Micro-CT scans, performed once for 
each limb, served as the high-precision gold standard for comparison.

Rater training and time efficiency
The three raters involved in the comparative analysis, who are not listed as authors, had no prior experience with 
the assessment processes. For training purposes, they each performed 10 practice measurements on limbs not 
included in the study, using the conventional techniques. They also completed three trial scans to familiarize 
themselves with the scanning process. The first author demonstrated the process once and provided feedback 
throughout the training period to ensure consistency and accuracy. Both the measurement techniques and the 
scanning process were recorded on video for time analysis, which was performed on a second-by-second basis. 
The measurement time was defined as follows. For the silk method, the starting time was the moment the rater 
aligned their eyes with the microscope lens, and the endpoint was when the silk string was straightened and 
attached to the surgical tape. The measurement time for paw thickness began when the rater picked up the 
caliper and ended when the value was recorded on the chart. Scanning time commenced with the press of the 
start button in the application and concluded after the rater briefly checked the point cloud data for any missing 
parts and labeled the raw data.

Statistical analysis
Statistical analysis was performed to evaluate the reliability and accuracy of limb measurement techniques against 
the micro-CT reference standard. Employing the intraclass correlation coefficient (ICC) model, we assessed 
intrarater reliability for all measurement methods and analyzed accuracy through inter-rater comparisons with 
micro-CT. Additionally, the novel 3D scanning method measurements of cross-sectional area and volume were 
evaluated against the micro-CT reference using Bland–Altman plots and the ICC to provide insights into the 
agreement and consistency of these new parameters. The training effect was analyzed by linear regression in 
terms of time efficiency and measurement differences compared with CT. Each parameter was analyzed using 
linear regression. All statistical analyses were performed using JMP ver. 17 (SAS Institute Inc., Cary, NC).

Results
Intrarater reliability
Table  1 displays the ICC values for intrarater reliability, illustrating the consistency with which three raters 
performed limb measurements over three evaluations. Measurements were taken using both the conventional 
methods and the novel 3D scanning technique to assess circumference, paw thickness, cross-sectional area, 
and volume. The reported ICC values ranged from 0.75 to 0.99, except for Rater 2’s measurement using the silk 
method, reflecting a spectrum of reliability from good to excellent across the different methods and parameters 
measured. These values not only provide insight into the precision of each method but also underscore the 
potential for their application in consistent data collection for lymphedema research.

Scientific Reports |         (2025) 15:3747 4| https://doi.org/10.1038/s41598-025-85637-4

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Rater-specific characteristics in measurement method applications
Given that measurements were performed on different individuals, we could not assess direct inter-rater 
reliability. However, analyzing the differences in limb measurements between the conventional and scanner 
methods compared with the micro-CT reference provided insights into rater-specific characteristics and their 
impact on measurement accuracy. Discrepancies in circumference measurements were observed. Using the silk 
method, Raters 1 and 2 manifested slight overestimations compared with the micro-CT standard, with mean 
differences of 0.51 mm and 0.45 mm, respectively. The confidence intervals ranged from 0.14 mm to 0.87 mm for 
Rater 1 and from 0.08 mm to 0.81 mm for Rater 2. In contrast, Rater 3’s approach resulted in an underestimation, 
as evidenced by a mean difference of − 0.55 mm and a confidence interval ranging from − 0.92 mm to − 0.19 mm 
(Fig. 4a).

Fig. 3.  Measurement of parameters in a CT image using 3D Slicer, This figure illustrates the process of 
measuring various parameters from CT images, using 3D Slicer software.
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The analysis of paw thickness measurements revealed distinct patterns between the caliper and scanner 
methods. With the caliper method, Rater 1 displayed a notable underestimation tendency, with a mean difference 
of − 0.58 mm and a confidence interval ranging from − 0.67 mm to − 0.48 mm, whereas Rater 3 showed a slight 
overestimation, with a mean difference of 0.18 and a confidence interval ranging from 0.08 mm to 0.27 mm. 
In contrast, the scanner method demonstrated heightened consistency, particularly highlighted by Rater 3’s 
approximately zero mean difference, which precisely mirrored the micro-CT standard with confidence intervals 
reflecting tighter agreement, ranging from − 0.19 mm to − 0.06 mm for Rater 1, − 0.22 mm to − 0.09 mm for 
Rater 2, and − 0.06 mm to 0.06 mm for Rater 3 (Fig. 4b).

Rater dependency was reduced by utilizing 3D scanners in both circumference and paw thickness assessments.

Inter-method analysis
Bland–Altman analysis revealed notable performance variations among the limb measurement techniques 
compared to the CT reference (Fig. 5). For circumference measurements, the silk method exhibited a mean 
difference of 0.14 mm and wide limits of agreement (LoAs) ranging from − 1.95 mm to 2.22 mm, indicating 
significant variability and reduced estimation accuracy (Fig. 5a). In contrast, the scanner method achieved a 
similar mean difference of 0.16 mm but with much tighter LoAs (− 0.90 mm to 1.23 mm), reflecting greater 
consistency and fewer deviations from the CT standard (Fig. 5b). The accuracy differences were likely influenced 
by postural changes required during measurement, particularly with the silk method. These results highlight the 
superior reliability of the scanner method over the silk method. For paw thickness measurements, the caliper 
method demonstrated a mean difference of − 0.18 mm, with LoAs from − 0.97 mm to 0.06 mm, indicative of a 
substantial underestimation and high variability (Fig. 6a). By comparison, the scanner method showed a smaller 
mean difference of − 0.09 mm and narrower LoA range (− 0.46 mm to 0.26 mm), suggesting reduced variability 
and a subtler bias relative to the CT standard (Fig.  6b). Although both methods tended to underestimate 
measurements compared to CT, the scanner method consistently demonstrated lower variability and smaller 
bias for both circumference and paw thickness.

The results highlight differences in the performance of measurement methods across edema severities 
(Tables 2 and 3). The silk method showed smaller absolute bias under no edema and severe edema conditions, 
suggesting an occasional advantage in accuracy. However, it exhibited higher bias in moderate edema, along 
with greater variability reflected in larger standard deviations and wider LoAs, particularly in severe cases, 
leading to reduced repeatability and precision. The caliper method showed higher absolute bias compared to the 
scanner method, with increased bias under severe edema. Additionally, the caliper method demonstrated larger 
standard deviations and wider LoAs, indicating reduced repeatability and precision as edema severity increased. 
In contrast, the scanner method displayed consistently lower standard deviations and narrower LoAs, indicating 
repeatability across all severities. While not always achieving the lowest bias, its overall performance was more 
consistent and robust, minimizing variability and operator dependency and suggesting superior reliability, 
making it a more practical option for edema assessment.

Cross-sectional area and hindlimb volume for new parameters
Bland–Altman analysis of cross-sectional area measurements using the novel method against CT scans showed 
a mean bias of 0.55, suggesting a slight overestimation. The variability was notable, with a standard deviation of 
1.03 and LoAs ranging from − 1.48 to 2.57. However, the novel method maintained high reliability, as evidenced 
by an ICC of 0.977, indicating excellent consistency despite the presence of systematic bias and wide variability 
(Fig.  7a). The analysis of hindlimb volume using the novel method compared with the CT scan revealed a 
significant underestimation, with a mean bias of − 15.85 and high variability, as shown by a standard deviation 
of 47.58. The LoAs ranged broadly from − 109.11 to 77.40, highlighting the potential of the method for both 
underestimation and overestimation. Nevertheless, the method demonstrated very high reliability, with an 
ICC of 0.982, suggesting consistent reproducibility despite its tendency to underestimate volume. Calibration 
adjustments are recommended to improve accuracy while preserving reliability (Fig. 7b).

Time and training effects
The time taken to perform measurements varied significantly among methods (Figure S1). For the silk method, 
the average time was 68 s, with a minimum of 32 s and a maximum of 146 s. The caliper method was quicker, 
averaging 18 s, with a range from 8 to 42 s. The scanner method’s times ranged from 27 to 83 s, with an average 
of 45 s.

Silk circumference Scanner circumference Caliper paw thickness Scanner paw thickness Scanner area Scanner volume

Rater 1 0.757 0.993 0.743 0.787 0.994 0.997

Rater 2 0.966 0.990 0.516 0.794 0.991 0.996

Rater 3 0.890 0.994 0.833 0.882 0.993 0.985

Table 1.  Intrarater reliability of limb measurement techniques across three evaluations. Scanner-based 
measurements for circumference, area, and volume demonstrate exceptionally high reliability across all 
raters, underscoring the effectiveness of the scanner in ensuring consistent measurements. Although caliper 
measurements exhibit relatively lower reliability, scanner-based assessments still surpass conventional 
methods. The novel 3D scanning technique shows enhanced reliability, particularly for measuring paw 
thickness.
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The training effect for each rater and method was analyzed based on two aspects: the time required for 
measurement and the absolute difference from the true value (Table 4).

In the time analysis, although not all raters showed statistical significance, the silk method demonstrated 
a trend of reduced measurement time across the trials. All raters showed a consistent trend of approximately 
1 s per trial, which may indicate the inherent difficulty of this method among three methods. For the caliper 
method, the results were more variable, but the training effect was minimal, with a time reduction of less than 
1 s per trial, suggesting it is the easiest method to learn. Similarly, for the scanner method, the slope was also 
less than 1 s per trial, indicating that performance reached a plateau starting from the first trial (Figure S2). 
In terms of accuracy, the conventional technique revealed a decline in accuracy for some raters as the trial 
number increased, highlighting the challenge of maintaining precision over multiple trials. Conversely, the 

Fig. 4.  Comparative analysis of measurement discrepancies across raters. (a) Silk and scanner methods 
compared with the micro-CT reference in terms of circumference: Boxplots compare the variability of the silk 
and scanner methods with the micro-CT reference across the three raters. The plots highlight the significantly 
lower variability of the scanner method, showcasing its superior consistency and reliability in measuring limb 
dimensions. This makes the scanner method a preferable choice for accurate limb assessments. (b) Caliper and 
scanner methods compared with the micro-CT reference in terms of paw thickness: This figure illustrates the 
comparison of paw thickness measurements using the caliper and scanner methods compared with the CT 
reference across three raters. The analysis shows that the scanner method measurements are notably closer 
to the CT values, as evidenced by the lower variability and tighter confidence intervals compared with the 
caliper method. This indicates the enhanced precision and reliability of the scanner method for paw thickness 
assessments, Silk: Circumference measured using the silk method. Scanner: Circumference measured using the 
scanner method.
CT: Circumference measured using micro-CT. X: Average.
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Fig. 6.  Assessment of agreement for paw thickness measurements, (a) Caliper method compared with the CT 
reference: The Bland–Altman plot contrasts the paw thickness measurements obtained with the caliper method 
against those from the CT reference. This plot reveals a consistent trend of underestimation and illustrates the 
broad limits of agreement, highlighting significant variability in these measurements. This analysis underscores 
the range of consistency within the caliper method measurements. (b) Scanner method compared with the CT 
reference: The Bland–Altman plot compares paw thickness measurements taken by the scanner method with 
the CT reference. This plot shows a lesser degree of underestimation and features narrower limits of agreement, 
suggesting greater consistency and enhanced reliability in the measurements provided by the scanner method. 
Caliper: Circumference measured using the silk method.
Scanner: Circumference measured using the scanner method.
CT: Circumference measured using micro-CT.

 

Fig. 5.  Assessment of agreement for circumference measurements, (a) Silk method compared with the CT 
reference: The Bland–Altman plot visualizes the agreement between circumference measurements obtained 
using the silk method and those from the CT reference. The plot displays the mean difference and the limits 
of agreement, illustrating the variability of the silk method compared with the CT standard. This analysis 
provides a detailed view of the accuracy of the method in capturing circumference measurements. (b) Scanner 
method compared with the CT reference: The Bland–Altman plot illustrates the consistency of circumference 
measurements between the scanner method and the CT reference and shows the mean difference and the 
narrower limits of agreement, highlighting the more consistent performance of the scanner method relative 
to the CT standard. This plot emphasizes the improved precision of the method across various measurements. 
Silk: Circumference measured using the silk method.
Scanner: Circumference measured using the scanner method.
CT: Circumference measured using micro-CT.
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scanner method exhibited relatively stable performance from the first across trials for most raters. However, 
for Rater 2, the first 10 trials showed relatively high variability, but thereafter, accuracy stabilized, consistently 
falling well within the limits of agreement throughout the remaining evaluations. Overall, we conclude that the 
training effect is minimal across all methods, with no substantial improvements in time or accuracy observed 
over repeated trials, suggesting that all methods are relatively easy to perform.

Discussion
The methods used to assess mouse hindlimb lymphedema can be categorized into contact and non-contact 
techniques depending on whether or not there is direct contact with the object. Conventional techniques are 
contact methods, while non-contact methods involve the use of planimetry and plethysmometers8,20.

Contact methods are less costly and do not require specific instruments except for a microscope. However, 
these methods have obvious limitations in terms of observer dependency as well as sample bias, given that 
these parameters reflect only one landmark of an entire limb. As shown in Table  1; Fig.  4, these issues not 
only highlight the individual measurement tendencies and habitual techniques of each rater but also illustrate 
the distinct reliability and unique tendencies of their measuring techniques. These observations confirm that 
the methods employed are dependent on the rater’s skill and consistency, emphasizing their inherent rater 
dependency. Procedural factors include the risk of measuring in an oblique setting and the tightness of the knot 
due to improper stringing technique and inconsistent application of caliper pressure. To mitigate variability, it 
is necessary to perform repeated measurements, conventionally in triplicate, to achieve a reliable estimate21. 
Object-related factors include the posture of the subject and the softness of the tissue, as well as heterogeneous 
swelling patterns that may present as localized contractions or a cone-shaped swelling rather than uniform 
swelling. In addition, when measuring at the level of the ankle, there are grooves, medially and laterally, between 
the Achilles tendon and the lateral and medial malleolus22. A measurement of circumference does not reflect 
these grooves.

Caliper - CT Bias STDV Lower LoA Upper LoA

None − 0.15 0.23 − 0.60 0.30

Moderate − 0.11 0.37 − 0.83 0.61

Severe − 0.30 0.53 − 1.34 0.75

Scanner 
- CT Bias STDV Lower LoA Upper LoA

None − 0.14 0.22 − 0.58 0.30

Moderate − 0.05 0.14 − 0.33 0.24

Severe − 0.10 0.17 − 0.43 0.22

Table 3.  Bias, standard deviation (STDV), and limits of agreement (LoAs) in paw thickness assessment by 
edema severity. This table details the bias, standard deviation, and limits of agreement in the assessment of 
paw thickness across different levels of edema severity. The paw thickness ranged from 2.35 mm to 3.43 mm. 
It provides critical insights into the accuracy and consistency of paw thickness measurements under different 
pathological conditions, highlighting how edema severity influences measurement precision and reliability. 
Caliper: Paw thickness measured using the silk method. Scanner: Paw thickness measured using the scanner 
method. CT: Paw thickness measured using micro-CT. Unit: mm.

 

Silk - CT Bias STDV Lower LoA Upper LoA

None − 0.02 0.85 − 1.68 1.65

Moderate 0.59 1.06 − 1.49 2.67

Severe − 0.16 1.14 − 2.39 2.07

Scanner 
- CT Bias STDV Lower LoA Upper LoA

None − 0.14 0.41 − 0.95 0.67

Moderate 0.45 0.67 − 0.87 1.77

Severe 0.18 0.32 − 0.45 0.81

Table 2.  Bias, standard deviation (STDV), and limits of agreement (LoAs) in circumference assessment by 
edema severity. This table details the bias, standard deviation, and limits of agreement for circumference 
measurements across different levels of edema severity. The circumferences ranged from 9.30 mm to 
16.16 mm. It provides quantitative insights into how edema severity impacts the accuracy and consistency 
of circumference assessments, showing variations in measurement discrepancies as influenced by the 
physiological changes associated with different edema stages. Silk: Circumference measured using the silk 
method. Scanner: Circumference measured using the scanner method. CT: Circumference measured using 
micro-CT. Unit: mm.
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Non-contact methods are considered more ideal for lymphedema evaluation because they assess the entire 
limb. Photography-based planimetry can be affected by the photo angle, the posture of the mouse, and the 
landmark setting. Volume assessment techniques such as plethysmometry in tiny objects have limitations, 
including difficulty in landmark setting and sensitivity to even tiny amounts of water that adhered to the 
object during the previous measurement, despite being the most ideal parameter for assessing lymphedema20. 
Radiological evaluations can overcome the above-mentioned limitations, but the cost and radiation exposure 
are the main issues.

3D scanners can be roughly categorized into contact and non-contact types, similar to conventional 
measurement techniques. The non-contact scanners include time-of-flight scanners, which calculate the 
distance to various points on an object by measuring the time it takes for a light source, such as a laser, to hit 
the object and reflect back to the sensor23. Structured light scanners project a pattern onto the object and use 
multiple optical cameras to detect the deformation of this pattern24. The photogrammetry technique involves 
taking photographs from multiple angles around the object and merging these images to construct a 3D model25.

3D scanners are less rater-dependent and offer higher repeatability than conventional techniques. Conventional 
methods are more prone to rater dependency, which may be influenced by factors such as the rater’s level of 
professional training and practical experience, personal habits such as adjustments or the tension applied to silk 
strings or caliper pressure, and a predisposition to bias from prior measurements. These aspects are reflected 
in Fig. 4, which highlights the variability among raters and the influence of their individual characteristics on 
measurement consistency. The intrarater reliability, as evaluated through ICC ranges, also varied, indicating 
the rater dependency of the conventional techniques (Table 1). This variability further supports the advantages 
of scanner methods in minimizing rater dependency and achieving more consistent measurements across 
operators. As shown in Table 4, these methods require minimal training, making them accessible to a wider range 
of operators with varying levels of expertise. Additionally, scanner methods appear to be relatively unaffected 
by the severity of edema (Tables 2 and 3). In contrast, conventional methods exhibit increasing variability as 
edema severity rises, likely due to the difficulty in maintaining consistent string tension or caliper pressure 
when measuring soft, swollen tissue. This limitation underscores the challenges of conventional techniques in 
ensuring accuracy under varying edema conditions.

As shown in Table 4, scanner methods require minimal training, making them accessible to a wider range of 
operators with varying levels of expertise. Additionally, they do not require microscopic techniques and allow 
multiple parameters to be recorded in a single scan. Consequently, they are considered less time-consuming and 
require less effort. As demonstrated in Figs. 3D and 7 scanners show potential in providing precise measurements 
of the volume and cross-sectional area. Their most significant advantage is the ability to accurately assess limb 
volume, which is deemed the ideal parameter for lymphedema evaluation. This is achieved without radiation 
exposure and at a lower cost than traditional methods such as plethysmometers and micro-CT.

Despite these benefits, 3D scanners have several limitations. Consumer-level 3D scanners, while increasingly 
accessible, cost more than USD 1,000, a substantial increase compared with the nominal expenses of conventional 
circumference measurement methods that only require a silk string and caliper. In addition, the transformation 
of raw scan data into functional 3D models proved to be computationally demanding. With a consumer-grade 

Fig. 7.  New parameters in lymphedema assessment, (a) Cross-sectional area compared with the CT reference: 
The Bland–Altman plot contrasts the measurements of cross-sectional area against the CT reference, revealing 
a trend of systematic overestimation. Despite this overestimation, the limits of agreement of the plot show 
significant variability, which points to underestimation in some cases. This indicates a range of consistency 
in the scanner method measurements. The intraclass correlation coefficient (ICC) for this assessment is 
0.977, reflecting high reliability. (b) Hindlimb volume compared with the CT reference: The Bland–Altman 
plot contrasts hindlimb volume measurements against the CT reference, also revealing a trend of systematic 
overestimation. Similarly, the limits of agreement show significant variability, suggesting underestimation at 
times, which indicates variability in the scanner method measurements. The ICC for this assessment is 0.984, 
demonstrating very high reliability.
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laptop (M2 MacBook Air; Apple Inc., Cupertino, CA), the conversion times ranged from 11 s to 59 s. Moreover, 
each 3D model of a single leg required approximately 10 megabytes of storage space. Proficiency in handling 
the scanning software was found to be pivotal for the efficacy of the operation. Compared with radiological 
evaluation, 3D scanners do not contain the internal structure of the reference needed to set a standardized or 
repeatable landmark, and thus a highly precise setting of landmarks for volumetric assessment is required. Despite 
the highly controlled environment, scan failures, although rare, were observed. We have no precise definition of 
scan failure, so the total failure rate cannot be assessed. The reasons for failure varied and can be categorized into 
the following three types. The first reason was surface brightness, as described in the manufacturer’s instruction 
manual26. In this study, surface brightness was low due to hyperemia and hair follicles. These issues are easily 
overcome by applying additional powder to the surface. The second reason was a posture change resulting from 
shallow anesthesia. Shivering and bucking, which do not affect the angle of major joints, do not influence the 
scan results but the scan process fails when the mice flex their knees and hips. These drawbacks can be overcome 
by deepening the anesthesia. The third reason, which is unpredictable, was object recognition failure. Despite 
proper setting of an object at the proper distance, the scanner sometimes fails to recognize the object. This seems 
to be the result of instability that is sometimes typical of first-generation products. Although unpredictable, these 
failures were successfully addressed by simply restarting the scanning process in the software or repositioning the 
object. The study design also presents limitations regarding inter-rater reliability: each rater measured different 
individuals, thereby precluding direct assessment of inter-rater reliability. Additionally, this study represents a 
single time point analysis and does not evaluate changes in parameters over time within the same individuals.

In clinical settings, lymphedema severity is typically assessed using methods such as water displacement, 
circumference measurements, ultrasound, and other radiological modalities, which are similarly utilized in 
research environments. Studies by Yahathugoda et al. and White et al. have reported on the clinical application 
of 3D scanning, highlighting benefits and limitations that align closely with those observed in this research13,15. 
The major advantages of 3D scanning technology include its high accuracy with repeatability, non-invasiveness, 
independence from lymphedema severity, and a hygienic nature, as it eliminates the need for direct contact 
with the patient’s skin. The technology also allows the extraction of multiple parameters from a single scan, 
requires minimal training, is less dependent on the operator, and ensures consistent results across different 
evaluators. The limitations of 3D scanning technology include the cost of the scanner and the requirement for 
additional data processing time. However, these challenges are being progressively addressed through technical 

Time Method
Average 
(seconds)

Slope (seconds/
trial) p R square

Rater1

Silk 83.04 -0.953 0.110 0.094

Caliper 22.48 -0.109 0.584 0.012

Scanner 51.26 0.190 0.620 0.010

Rater2

Silk 60.63 -1.034 **0.007 0.260

Caliper 19.67 -0.168 0.337 0.037

Scanner 39.30 0.075 0.588 0.012

Rater3

Silk 60.67 -0.606 0.108 0.100

Caliper 12.00 0.034 0.688 0.007

Scanner 44.93 -0.463 0.055 0.140

Absolute difference 
compared to CT Method Average (mm) Slope (mm/trial) p R square

Rater1

Silk 0.886 0.010 0.504 0.018

Caliper 0.583 0.007 0.416 0.027

Scanner 0.294 − 0.003 0.566 0.013

Rater2

Silk 0.883 0.045 **0.0012 0.347

Caliper 0.169 − 0.003 0.301 0.043

Scanner 0.604 − 0.048 ***0.0001 0.641

Rater3

Silk 0.900 − 0.011 0.456 0.022

Caliper 0.241 − 0.006 0.194 0.066

Scanner 0.423 0.004 0.570 0.013

Table 4.  Training effect for each rater in terms of time and precision. This table details the training effect 
observed over 27 trials, specifically looking at the time efficiency and precision for each rater using each 
method. Briefly, the slope indicates the reduction or increase in time or accuracy with the trial number. The 
p-value represents the statistical significance of the analysis, and the R-squared value reflects the proportion 
of data that can be explained by this analysis. The moderate correlation found with time suggests that raters 
progressively become more familiar and efficient with the method, indicating potential improvements in both 
speed and accuracy as experience increases. Detailed graphs for each raters are presented in Figure S2 and S3.
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advancements, such as integrated “in-device” processing, improved affordability, and the seamless integration of 
software with medical record systems. As these developments continue, this technology is likely to see broader 
applications in the near future.

Conclusion
3D scanning technology offers benefits such as high accuracy, superior repeatability, reduced rater dependency, 
and the ability to record multiple parameters in a single scan. Additionally, these devices are non-invasive, 
require minimal training, and avoid radiation exposure, making them safer and more accessible than traditional 
techniques. Their ability to deliver detailed and consistent volumetric measurements across varying edema 
severities underscores their potential as a reliable and innovative tool in lymphedema research.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.
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