Intra-rater reliability and agreement of the Indurometer when used to assess mid-calf tissue compressibility among people affected by moderate to severe lymphedema in Bangladesh and Ethiopia. 
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Abstract 
[bookmark: _Hlk10880035][bookmark: _GoBack]Background. Lymphedema is a chronic skin disease which induces tissue fibrosis (stiffness). Tissue tonometry has been used to assess skin and tissue compressibility in lymphedema, primarily in research on arm lymphedema after breast cancer. A digital tonometer, the Indurometer (Flinders and SA Biomedical Engineering, Australia), has shown excellent intra-rater reliability in young healthy people in Australia and Myanmar and was able to detect covert changes in young, asymptomatic Myanmar people infected with lymphatic filariasis. It has not been tested in overt lower-limb lymphedema. Methods and results. The Indurometer was used in a cluster randomized trial in Bangladesh and Ethiopia to measure tissue compressibility among adults affected by moderate to severe lymphatic filariasis- or podoconiosis-related leg lymphedema. The study compared different self-care intervention and after baseline there were follow-ups at 4-, 12- and 24-weeks. Three consecutive Indurometer scores were collected by two data collection teams in each country at the mid-calf of each leg. Indurometer scores were available for three time-points in Bangladesh and four time-points in Ethiopia. An intraclass correlation coefficient (ICC) was calculated for each data collection team and a coefficient of variation (CV) was used to assess measurement agreement in moderate and severe stages of lymphedema. The intra-rater reliability among local research assistants was good to excellent in both countries at all time-points (ICC range 0.829 (95% CI 0.730, 0.896) - 0.992 (95% CI 0.989, 0.995)). In Bangladesh agreement between measures was highest among unaffected legs (range 16% - 22%) and lowest in severe lymphedema (range 19% - 39%). CV scores in Ethiopia showed no distinct pattern for lymphedema stage (range 15% - 32%). Conclusion. The Indurometer is an inexpensive and easy to use device to assess skin and tissue compressibility and should be considered in clinical research on lower-limb lymphedema.
Condensed abstract 
Changes to the skin and subcutaneous tissue in lymphedema alter the compressibility (stiffness or suppleness) of the affected tissues.  This change in tissue compressibility can be measured using tissue tonometry and several devices have been used previously in research on arm lymphedema. A hand-held electro-mechanical tonometer, the Indurometer, was used in a study in Bangladesh and Ethiopia on people with lymphatic filariasis- or podoconiosis-related leg lymphedema. Indurometer scores from two research teams in each country were analysed and showed good to excellent intra-rater reliability, which means that each time three consecutive measures were taken the variation between them was very small. The Indurometer is a field-friendly device that requires minimal training to operate and is suitable for use in resource poor settings.
Introduction 
[bookmark: _Hlk10886955]Lymphedema is a chronic skin disease affecting between 100 and 250 million people world-wide and there are multiple causes including some oncology treatments, exposure to irritant soils, congenital malformation and parasitic infection [1-3]. Skin and subcutaneous tissue pathology typically progress through identifiable phases, or stages, regardless of the initiating aetiology [4], and while there is no universally accepted criteria for clinical staging [5], at its simplest lymphedema can be categorized into mild, moderate and severe. Mild stages are characterised by a protein rich subdermal swelling which may fluctuate and reduce with elevation or overnight. In the moderate or middle stages, fatty deposits and fibrous tissue invade the subcutaneous compartment which is now permanently enlarged despite elevation, and the skin begins to form into permanent folds. Severe or advanced stages are characterised by visible changes in the skin including hyperkeratosis, deep folds and papillomatosis (warty growths). Comprehensive assessment of lymphedema status may involve sophisticated imaging such as lymphoscintigraphy or very simple tape measures of limb circumference, and a combination of measures is typically employed to capture various aspects of the pathology [5]. In resource poor settings limb size is frequently used as the primary outcome measure but size alone does not capture changes in the thickness of the skin or the fibrous state of the underlying tissue, both of which can improve or deteriorate without a change in limb size [6]. 
[bookmark: _Hlk11064416][bookmark: _Hlk11149852]Tissue tonometry was developed as a measure of fibrosis in lymphedema in 1976 [7]. Although first used in 1992 to measure fibroplasia in lower-limb LF-related lymphedema [8], it has primarily been used in research on breast cancer-related lymphedema (BCRL) of the arm [9-13], and there are few studies on tissue tonometry in leg lymphedema [14, 15]. Tissue tonometers employ a small indenter pressed into the skin under a defined load to determine the compressibility or stiffness of the tissue, and first-generation mechanical tonometers have been superseded by digital, or electro-mechanical versions [16, 17]. One such electro-mechanical device, the Indurometer (Flinders and SA Biomedical Engineering, Australia), has previously demonstrated excellent intra-rater reliability when used on the legs of healthy young people in Australia and Myanmar [18] It was further used in a study on asymptomatic young people at risk of LF-related lymphedema in Myanmar [19], but no reliability analysis has been performed on its use among people affected by overt lower-limb lymphedema. 
The Indurometer was used to measure tissue compressibility at the calf in a study on adults affected by lower-limb lymphedema in Bangladesh and Ethiopia. All data was collected by local research assistants recruited within in each country, and an intra-class correlation coefficient for each data collector is reported here. The Indurometer has been shown to be reliable in multiple populations and whilst factors which are known to moderate Indurometer scores such as hydration [20] should always be considered, operator variability can be expected to be low.
Materials and Methods 
The study was a cluster randomized trial on people affected by lymphedema in rural areas of Bangladesh and Ethiopia, as part of a longitudinal study on community-based home-care. Indurometer scores were collected on people aged over 18 years of age with moderate to severe lymphedema and with no co-morbidities who had been recruited through local health centers. In Bangladesh, personnel from the Ministry of Health Family and Welfare (MOHFW) and the Centre for Injury Prevention and Research, Bangladesh (CIPRB) in Dhaka formed the research teams. In Ethiopia, personnel from the Federal Ministry of Health (FMOH) and local health staff in Simada Woreda (district) formed the research teams. There were two teams in each country and all teams received three days of training in the data collection activities, including practice in use of the Indurometer. Each of the four data collection teams had a designated clinical officer who operated the Indurometer and collected the measures, and a designated data collector who entered the scores to the Open Data Kit Collect (ODK Collect)[21] application loaded to an electronic tablet (Samsung Galaxy Tab A 10.1). Indurometer measures were collected at baseline and at three follow-ups at 4-weeks, 12-weeks and 24-weeks. 
The Guidelines for Reporting Reliability and Agreement Studies (GRRAS) guided analysis and interpretation of the results on intra-rater reliability and agreement of the Indurometer [22] . The study was approved by the Liverpool School of Tropical Medicine Research Ethics Committee (approval number 012-18), the Bangladesh Human Medical Research Committee, and the Amhara Public Health Institute Research Ethics Committee. The study was registered on the ISRCTN Registry, trial number 16764792. All subjects gave their informed consent for inclusion before they participated in the study and the study was conducted in accordance with the Declaration of Helsinki [23]. 
Indurometer measures
The ‘Indurometer’ (BME-1563, Flinders and SA Biomedical Engineering, Australia) is designed to quantify the compressibility of flexible material such as the skin and subcutaneous tissue. It is a battery-operated, hand-held unit a with a 7-cm diameter Perspex reference plate through which a 1-cm diameter plunger (indenter) can extend. Images of the Indurometer can be seen in Figure 1. To take the measure the device is aligned with the reference plate close to, and parallel with the skin over the measurement point, and the operator smoothly and evenly presses the device into the skin. As the pressure increases, the reference plate remains level with the surrounding skin while the indenter can continue pressing into the skin and underlying tissue. A force sensor detects when a load equivalent to 200-g has been applied to the indenter and the device emits a single beep to indicate the measure has been completed successfully. The device is removed from the skin and the result can be read from a light emitting diode (LED) screen. 
The result is delivered numerically with two decimal places and represents the distance in millimetres to which the indenter has extended (was able to compress the skin and tissue) beyond the reference plate. A higher score is given when the indenter has extended further into the tissue, indicating more tissue compressibility (less tissue stiffness). Tissue that is less compressible (more tissue stiffness) will return lower scores as the indenter will not be able to press in as far under the same 200-g load. A score of 0.00 represents no movement of the indenter beyond the level of the reference plate. Scores approaching double digits indicate very soft, easily compressible tissue. Incorrectly performed measures, such as those that are too fast, too slow or erratic in movement are identified with a double beep and an error message appears on the LED screen. The device must then be reset, and the measure repeated. The procedure is non-invasive and should cause no discomfort to the patient. The Indurometer has a self-calibrating procedure which was performed daily before the first measure. Images of the instruction sheets provided to the data collectors for device operation can be viewed in Supplementary Figure 1a) operation and b) recalibration.
Data collection
Measures were taken on each leg at mid-calf. To find the mid-point the patient was asked to lie prone on a treatment bench if one was available, or a yoga mat on the floor if not. A second yoga mat was used to support the ankles and ensure the leg could be held in a relaxed state with the ankle in a neutral position. The clinical officer used a retractable tape measure to determine the length of the calf from the most obvious crease behind the knee to the base of the heel. The tape was held with the zero mark at the crease behind the knee and if a single major crease was not obvious the lower leg was raised and the crease that formed was marked with a washable skin marker. The length measure was halved to find the mid-point and with the zero mark of the tape measure still held at the crease behind the knee, a small line was made with the skin marker on either side of tape at the mid-point, so that when the tape was removed there was a horizontal line with a gap in the middle across the middle of the calf. The indenter of the Indurometer was aligned with the gap to perform the measures. Both legs were measured beginning with the left leg and all three measure were taken sequentially with only enough time between each test to reset and reposition the device. In both countries the Indurometer measure was collected by the clinical officer in each team and the data collector visually confirmed the score and recorded it to the ODK form. The circumference measures were collected at the same marked midpoint and lymphedema stage was determined using criteria described by Dreyer, G., Addiss, D., Dreyer, P., Noroes, J. [24].
Analysis
A one-way random effects model where people effects are random was used to determine the intra-class correlation coefficient (ICC) for the three measures and results for average measure consistency are reported. An ICC score represents the variation between repeated measures where a score of 1.0 would be a perfect score, i.e. all three measures were exactly the same (absolute correlation). Scores over 0.7 are considered good and scores over 0.9 are excellent [25]. Pearson’s Chi-Square was used to assess the ICC scores for each team over repeated instances. A coefficient of variation (CV) was calculated as the ratio of the standard deviation to the overall mean and reported as a percentage. A CV represents the dispersion of data around the mean and may be used to compare the agreement between repeated measures, a lower percentage indicating less variation (more agreement) between the measures. A lymphedema stage was allocated to each leg according the criterion described by Dreyer, G., Addiss, D., Dreyer, P., Noroes, J. [24] with stages 3 and 4 grouped together as moderate, and stages 5 – 7 as severe lymphedema. The CV was calculated for unaffected legs (stage 0), moderate and severe lymphedema. Indurometer scores were collected on both legs of each participant, with each leg serving as one ‘subject’ for the analyses. Data from the electronic tablets were uploaded each day to a secure server and later downloaded as excel files. All analyses were performed using SPSS Statistics (IBM Corp. version 24).
Results
Participants 
In Bangladesh 146 people were included in the study but due to availability of the devices data could not be collected at baseline. In Ethiopia 126 people were included and data were available at all time points. The study was conducted over 24 weeks and at final follow-up there was a retention rate of 82.6% in Bangladesh (n = 133) and 81.8% in Ethiopia (n=103). There were no significant between country differences at baseline for factors known to affect Indurometer measures such as gender and lymphedema stage, see Table 1. 
[bookmark: _Hlk13047362]Each team measured both legs of between 51 and 79 participants at each time-point. The ICC was calculated for each team and by each leg of the participants and the results are given in Table 2. Overall the data teams achieved very good to excellent ICC scores at every instance with scores between 0.829 (95% CI 0.730, 0.896) (Ethiopia team 1 at 4-week follow-up) and 0.992 (95% CI 0.989, 0.995) (Bangladesh team 1 at 24-week follow-up). There were no significant differences in the ICC scores for each team over time (Pearson’s Chi-Square, Bangladesh p=0.199, Ethiopia p=0.213). Figure 2 plots the ICC scores for each team on a radar graph where lines closer to the rim represent more agreement between repeated measures.  
In Bangladesh CV scores show that agreement between measures was highest among unaffected legs (range 16% - 22%) and the most variability was found in measures of severe lymphoedema (range 19% - 39%). In Ethiopia CV scores showed no distinct pattern of agreement for lymphedema stage (range 15% - 32%). CV scores for the data collection teams in each country can be seen in Figures 2a) Bangladesh and 2b) Ethiopia.
Discussion
The research teams in Bangladesh and Ethiopia all achieved ICC scores over 0.8 with most instances over 0.9 and this is similar to ICC scores for the same device when used at the same measurement point in healthy young people in Myanmar and Australia (range 0.906 (0.857–0.955) - 0.942 (0.910, 0.973)) [18]. The CV scores were higher than the first published report on the same device by Pallotta, et al. [16] on BCRL lymphedema of the arm (range 7%-16%) but this study did not report on the stage of lymphedema. A further study by the same authors reported CV values of between 26% - 31% on moderate to severe arm lymphedema  [17] which are similar to the CV scores reported here for moderate to severe leg lymphedema. 
Three previous studies also compared reliability of the Indurometer with a mechanical tonometer and all found the mechanical device had less variability than the new digital version [13, 16-18], however the mechanical tonometer had some operational limitations and is no longer available. In particular the load was applied to the indenter using gravity, so any small deviation from holding the device upright affected the accuracy of the measure. Additionally, the result had to be read from two analogue dials with the device still in place. When using the Indurometer, the operator applies the load and a force sensor detects when the equivalent to 200-g has be attained, the measure is captured and displayed on the LED screen. This means the device can be used at any angle and the operator can remove the device from the skin to easily read the score. 
There have been no large-scale studies to establish normative ranges for tissue tonometry scores and assessment of tissue compressibility is best used to compare between limb differences or within-person changes over time, rather than determining deviation from a ‘norm’. A previous study which collected tonometry measures at the anterior and posterior thigh and at mid-calf, and which compared three difference tonometers, showed that variability in repeated scores was greatest at the anterior thigh and least so at the mid-calf for all devices [18]. This may be due to the normal variation in fat layers at each site. The mid-point of the calf lies over a musculotendinous junction and generally has less fat than the thigh, so this measurement point may be less affected by changes in overall body fat over time and more sensitive to small changes in tissue composition [20]. The Indurometer was able to detected covert lymphatic dysfunction at mid-calf in young people infected with LF in Myanmar but did not detect significant differences at the thigh points [19].
[bookmark: _Hlk20919032]In lymphedema, tissue compressibility scores should be interpreted in conjunction with other objective assessments such as lymphedema stage. In the very early fluid-rich stages, the tissue is soft and easily compressible and tonometry scores will be high. In the middles stages the gradual build-up of fibrous tissues makes the tissue feel stiff and immobile. Adipose cells may also respond by accumulating and proliferating, and this fatty induration gives the tissue a spongy quality which rebounds immediately after compression. In later stages, hyperkeratosis and sclerosis of the skin will increase tissue stiffness further [4]. Therefore, in early lymphedema when the swelling is very soft higher Indurometer scores can be expected and will decrease if the fluid is removed. In later stages when the tissue has become fibrotic, lower scores can be expected and if effective treatment softens the tissues then Indurometer scores will increase. Any assessment of tissue compressibility or stiffness should also consider known moderating factors such as age, gender and body composition [20]. Mean Indurometer scores provided here have not accounted for these factors and should not be considered to be indicative of any particular stage of lymphedema. Furthermore, because three repeat measures were used for all analyses, the Indurometer scores reported here apply only to an average of three measures. It can expected that single measures will have less repeatability and using an average of two or three measures is recommended.
One limitation to the study was the late arrival of the Indurometers in Bangladesh which were not available during baseline data collection. The data collection teams had some initial training in operation of the device but no field support once it was implemented at first follow up. In Ethiopia the device was available from the beginning of data collection and the teams had field support on hand at baseline and at the 4-week follow-up. There were also some minor issues with operation of the Indurometers and all teams reported episodes of multiple error messages or problems with recharging the battery. Nevertheless, the Indurometer is a very simple device to operate and can be used by anyone after a short period of training and practice. It has demonstrated good to excellent reliability when used to measure upper-limb lymphedema, the lower-limbs of healthy young populations, and now, in an adult population with overt LF- or podoconiosis-related leg lymphedema. The Indurometer is a useful device to assess tissue compressibility in lymphedema and is suitable for use in clinical research in multiple settings.
Conclusions
The complex nature of lymphedema precludes a single defining diagnostic tool or feature to determine lymphedema status. A combination of methods is ideal in developing a full picture of all connective tissue changes and tissue tonometry has an important place in this assessment tool-kit. The Indurometer is a field- and user-friendly device which has proved reliable in several populations. 
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Figure legends
Figure 1. a) the Indurometer, with b) an arrow showing the direction of application. The measure is captured when an equivalent of 200g has been applied. 
Figure 2: Intra-class correlation co-efficient (ICC) scores for both teams at all time points. Lines closer to the rim indicate a higher ICC, ie more reliability.
Figure 3a) Coefficient of Variation (CV) for data collection teams in Bangladesh by lymphoedema stage.
Figure 2b) Coefficient of Variation (CV) for data collection teams in Ethiopia by lymphoedema stage.
Supplementary Figure 1 a). Operation of the Indurometer
Supplementary Figure 1 b). Daily recalibration of the Indurometer
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