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SHORT ABSTRACT:
Breast cancer related lymphedema is frequent in breast cancer survivors, but there are not widely employed guidelines for its diagnosis and quantification. Here, we introduce a reliable and cost-effective protocol to define, quantify, and compare upper limb volume in breast cancer patients.

LONG ABSTRACT:
Breast cancer related lymphedema (BCRL) is a detrimental condition characterized by fluid accumulation in the upper limb in breast cancer patients subjected to axillary surgery and/or radiations. Its etiology is multifactorial and include also tumor-specific pathological features, such as lymphovascular invasion (LVI) and extranodal extension (ENE). To date, no widely employed guidelines for the early diagnosis of BCRL are available. Here, we illustrate a protocol for a digitally assisted BCRL assessment using a 3D laser scanner (3DLS) and a tablet computer. It has been specifically optimized in a discovery cohort of high-risk breast cancer patients. This study provides a proof-of-principle that augmented reality tools, such as 3DLS, can be incorporated into the clinical workup of BCRL to allow for a precise, reproducible, reliable, and cheap diagnosis.

INTRODUCTION:
Breast cancer related lymphedema (BCRL) is fluid retention in the upper extremity occurring after axillary surgery and/or radiation therapy in approximately 20-80% of breast cancer patients with lymph node metastases (N&gt;1)1,2,3. This condition results in swelling of the limb with subsequent reduced functionality, increased risk of comorbidities, frustration, anxiety, and depression4,5. BCRL is currently considered a long-standing threat for breast cancer survivors given that it can arise up to 9 years after surgery6. 

BCRL pathogenesis is a subject of lively debate among breast cancer specialists. Hence, several studies have shown that it could be related not only to axillary interventions but also to systemic treatments, such as taxanes-based chemotherapy and anti-HER2 therapy7,8. Furthermore, there are recent lines of evidence to suggest that tumor-specific pathological characteristics are involved in its pathogenesis1,6,7. For this reason, the invasion of lymphovascular spaces at the periphery of the tumor by neoplastic cells (lymphovascular invasion, LVI) and of the extension of the metastasis beyond the lymph node capsule (extra-nodal extension, ENE) have been proposed as a complementary analysis for BCRL risk stratification6,7. 

Despite the novel insights of BCRL biology, the arm volume measurement remains a cornerstone phase in the diagnosis and follow-up of these patients9. For this task, however, there are not widely-adopted guidelines. The measurement of multiple circumferences across the arm has been traditionally used to estimate its total volume using the truncated cone formula10. Despite its reliability, however, this circumferential method (CM) lack sensitivity and reproducibility, particularly in the case of arm shape irregularities11. Lately, augmented reality methods, such as three-dimensional laser scanner (3DLS), have emerged as promising tools for the measurement of the upper limb volume12. This technology is cheap, user-friendly, reproducible, and extremely precise also in the presence of gibbousness and swelling12,13. 

The aim of this study was to assess the reliability of 3DLS in comparison to the circumferential method for BCRL diagnosis and quantification. Here, a protocol is detailed for real-time measurements of the upper limb volume by means of 3DLS in breast cancer patients at increased risk for BCRL. 

PROTOCOL:

This study was approved by the Institutional Review Boards from the Authors’ Institutions. This protocol applies to node-positive (i.e., N&gt;1 according to the TNM staging system)14 breast cancers showing LVI and/or ENE.

1.	Real time arm measurements

1.1)	Install the free downloadable application (e.g., Captevia) on a tablet computer.

1.2)	Take a marker of the highest-contrast color compared to the skin of the patient (e.g., white, black).

1.2.1)	Mark the skin of the upper limb to be analyzed using point-landmarks at 5 cm starting from wrist to the elbow, and from elbow to proximal portion of the arm. Draw the circumferences on the skin of the upper limb to be analyzed at the level of each landmark. 

1.3)	Position the patient in an upright position in a room with sufficient space to move around her/him. Raise the patient’s upper limb anteriorly by 90&#176;. Ask the patient to remain still in this position for all the scan duration.

NOTE: In case of difficulty of the patient to maintain this position, a support at hand level (e.g., a stick) can be used.

1.4)	Hook and link the 3DLS device to the tablet.

1.5)	Open the application from the tablet and enter the credentials of the subject to be examined within the patient database.

1.5.1)	Click Connection and then + to enter a new patient. Enter the patient's Name and Surname together with other preset anamnestic variables (such as date of birth, height, weight, etc.) and others as desired in the dedicated space.

1.6)	Click the 3D icon. Select the area to be examined by modulating the distance and size of the cube that appears on the screen using 2 fingers on the touch screen 

1.7)	Click Scan and start the three-dimensional scan framing the upper limb of the patient on all the planes of the space. Rotate around the limb from all the views many times in order to optimize the quality of the acquired image. 

NOTE: A good acquisition takes on average time of 30 seconds. Do not stray more than one meter from the limb to be examined. Do not move the tablet too quickly.

1.8)	Once the acquisition is completed, press Done. If needed, revise the form to assess any acquisition defects or missing part.

1.9)	Select the acquisition and press the icon at the bottom right of the screen to send the file. Enter an email to send the file to and click Send.

1.10)	Start the PC and download the data file sent by e-mail. Then insert the USB key with the software license, double click the software icon, confirm selected license type, and open the data file.

1.11)	View the scan and press Create New Patient. Name the patient’s file, select the destination to save the file, and press Save.

1.12)	Select File in the upper left corner. Select the patient’s file previously named. 

1.13)	Select the scan and press Extract to extract the scan. Select the extracted scan and press Cleaning.

1.14)	Select the image. Clean the shape by orienting it in the space (x, y and z axis). Cut off any segments included in the scan on the various axes (x, y and z). It will also be possible to view any skin marks included in the scan to more precisely cut the scan. Validate the cut figure. 

1.15)	Name the shape obtained from the scan. Press Create a new shape. 

1.16)	Orient the shape axis on the 3 planes of the space and press End.

1.17)	Select the processed form and press Open: the software will provide the total volume of the processed form.

1.18)	Calculate the volume of different sections, press Volume. Move and select the upper and lower margin of the section from which to extract the volume.

REPRESENTATIVE RESULTS:
This was a pilot single-blind, randomized controlled study involving adult individuals. Inclusion criteria were the following: 1) young adults (aged &gt;18 and &lt; 45 years; 2) normal weight (body mass index, BMI, &gt;18 and &lt; 25 kg/m2; 3) absence of any kind of skin lesion at upper limb level; 4) absence of trauma and/or any kind of condition able to modify arm structure and volume. The exclusion criteria: 1) cardiovascular comorbidities; 2) vascular diseases involving the upper limb; 3) pathological conditions at thyroid and renal level; 4) presence of lymphedema; 5) previous or active oncological conditions. Moreover, an additional group of women affected by BCRL (stage II-III) referred to the Oncological Rehabilitation unit of the Physical and Rehabilitative Medicine Department of the University Hospital in Novara has been enrolled for a preliminary analysis. Participants were properly informed about the aims of the research, testing procedures, personal data treatment, and the possibility of withdrawal at any time. Written informed consent was obtained from each subject before taking part in the experiment and all the procedures were conducted according to the principles of the Declaration of Helsinki. The study flowchart is represented in Figure 1. 

Thirty healthy adults (14 males and 16 females, mean age 27.6 &plusmn; 9.8 years old), with a mean body mass index (BMI) of 22.7 &plusmn; 2.9 kg/m2 (Group A) and 30 breast cancer female patients (mean age 57.9 &plusmn; 13.8 years old), with a mean BMI of 26.6 &plusmn; 4.6 kg/m2, who later developed BCRL (Group B) were enrolled from June 2017 to January 2018. The demographic characteristics of the study population are displayed in Table 1. After enrollment, all patients were randomly evaluated by one of the two lynphotherapists with more than 20 years of experience in lymphedema disorder treatments who performed all the experiments. Arm volume measurements were performed using both CM and LS3D methods (Figure 2). Each examiner performed both CM and LS3D upper limb measurement twice for a total of four measurements for each subject (the mean value of the two CM and LS3D evaluations was used).

In Group A and B, both CM and 3DLS showed high levels of inter- and intra-operator reproducibility, with a mean r2 of 0.99 for both techniques (Table 2, Table 3). Accordingly, the mean value of 3DLS volume calculations showed a strong correlation with those from CM in Group A (r2=0.99; p &lt; 0.0001), as shown in Figure 3a, confirmed by the Bland-Altman plot showing the high level of agreement and the consistency of the two different measurements (Figure 3b). In Group B, the method showed a strong inter- and intra-operator correlation with CM (r2=0.99; p &lt; 0.0001). Furthermore, although it was observed a significant (p &lt; 0.001) correlation between the inter-operator assessment of total limb volumes differences before and after complex decongestive treatment for both techniques in BCRL women, it is interesting to report that 3DLS correlation was higher than CM (r2 = 0.85 vs r2 = 0.62) (see Figure 3c for further details). Lastly, 3DLS was significantly quicker than CM, with a total time of 202 &plusmn; 27 s (including acquisition and digital processing) versus 293 &plusmn; 17 s (p &lt; 0.0001). During the whole study period no CM or 3DLS techniques related drop-outs were recorded in both groups and the Global perceived effect (GPE)15 of the 3DLS technique rated on an ordinal 4-point Likert scale showed very good results: 4.5 for the operators and 4.6 for the patients.

Table 1. Anamnestic and demographical characteristics of study population.

Table 2. Intra- and inter-operator analysis of circumferential method in healthy adults and BCRL women.

Table 3. Intra- and inter-operator analysis of laser scanning 3D in healthy adults and BCRL women.

Figure 1. Study flow chart.

Figure 2. Three-dimensional laser scanning of the upper limb in BCRL.

Figure 3. Comparative analyses between the laser scanning 3D and circumferential method. (a) Correlation between laser scanning 3D and circumferential method; (b) Bland-Altman plot showing the level of agreement and the consistency of the different measurement; (c) Correlation between the inter-rater operator analysis in terms of total limb volume differences before and after rehabilitative treatment of both circumferential method and laser scanning 3D in breast cancer related lymphedema patients.
 
DISCUSSION:
The use of an accurate and reliable tool for limb volume measurement is mandatory in breast cancer survivors, given that an early diagnosis of BCRL is related to improved outcomes. In addition, the identification of high-risk individuals should consider not only clinical and surgical data but also tumor-specific pathological features. This study demonstrates the reproducibility and reliability of a new portable 3DLS device in upper limb volume measurement both in healthy subjects and in a BCRL women with high-risk features. This method is safe, painless, cost-effective and can be carried out in most Institutions in large cohorts of patients.

The purpose of a 3D scanner is to create a point cloud of geometric shapes on the surface of the subject, which represent the 3D model. In particular, the 3DLS technology employs a triangulation mechanism projecting a laser dot into an object (in this case, the upper limb), then the sensor measures the distance to the surface of the object. This new standardized augmented reality-based protocol shows that 3DLS is a promising technique for quick volume measurement, not only in sanitary settings. Results obtained in both healthy subjects and BCRL patients are intriguing considering the relative quickness, accuracy and reproducibility of this device. One of the main critical points of this protocol is related to the 3DLS acquisition procedure which can lead to incomplete/incorrect images or errors in upper limb volumes quantification. To overcome this inconvenience, the acquisition in a room with ample free spaces is recommended, as well as to ask the patient to remain still with the upper limb anteriorly raised by 90&#176; for all the scan duration to avoid inaccuracies in the volumetric detection. Moreover, in order to obtain better volume acquisitions and to optimize the quality of the acquired image it is recommended to rotate the 3DLS around the limb from all the views many times. The acquisition should end only when the entire volumetric image of the upper limb has been acquired and the mean acquisition time is about 30 s. However, despite these potential drawbacks related to the acquisition procedure, these data about failed volume measure attempts suggest a relatively fast learning curve of 3DLS structure sensor, at least comparable to CM. Taken together all these points suggest important implications for the implementation of portable 3DLS techniques in different real-life clinical settings (i.e., outpatient or home care) and for the potential reduction of health sanitary costs in terms of both personnel and procedures costs. Therefore, structure sensor implementation in both diagnostic and therapeutic setting could have significant clinical implications for lymphedema management and rehabilitation confirming the capital role of augmented reality technologies in BCRL clinical workup, where reliable screening, diagnostic, and follow-up tools are needed to achieve the goal of precision medicine. It is important to note, however, that this protocol provide substantial improvements in the workup of BCRL only for selected groups of BCRL patients, particularly in the setting of an initial assessment. Hence, many patients with lymphedema unfortunately arrive at a treatment center with significant levels of swelling and often with comorbid conditions such as obesity. Furthermore, it must also be noted that the 3D scanning was always performed after the CM. The difference in acquisition time may reflect a learning curve. Another limitation of this study is represented by the randomization of the control group, where no matching for the age of the patients was made. On the other hand, this pilot study should be considered a proof-of-principle. 

In conclusion, the paradigm-shift of using augmented reality tools in N&gt;1 breast cancer patients, coupled with a tumor-based risk stratification would represent a step toward precision medicine in BCRL clinical management.
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