
This is a peer­reviewed, final published version of the following document and is licensed under Creative 
Commons: Attribution 4.0 license:

Mills, Claire D, De Ste Croix, Mark B ORCID: 0000­0001­9911­4355 and 
James, David V ORCID: 0000­0002­0805­7453 (2017) Linearity of the scale 
for mass and volume within the air displacement plethysmograph 
(BodPod): A Methodological Investigation. Sport and Exercise Medicine 
Open Journal, 3 (2). pp. 58­62. ISSN 2379­6375 

Official URL: http://openventio.org/OpenJournal/SportsMedicine.html
DOI: 10.17140/SEMOJ­3­149
EPrint URI: http://eprints.glos.ac.uk/id/eprint/4427

Disclaimer 

The University of Gloucestershire has obtained warranties from all depositors as to their title in the material 
deposited and as to their right to deposit such material.  

The University of Gloucestershire makes no representation or warranties of commercial utility, title, or fitness 
for a particular purpose or any other warranty, express or implied in respect of any material deposited.  

The University of Gloucestershire makes no representation that the use of the materials will not infringe any 
patent, copyright, trademark or other property or proprietary rights.  

The University of Gloucestershire accepts no liability for any infringement of intellectual property rights in any 
material deposited but will remove such material from public view pending investigation in the event of an 
allegation of any such infringement. 

PLEASE SCROLL DOWN FOR TEXT.



                 SPORTS AND EXERCISE MEDICINE

Open Journal
http://dx.doi.org/10.17140/SEMOJ-3-149

Sport Exerc Med Open J

ISSN 2379-6375

Linearity of the Scale for Mass and  
Volume within the Air Displacement  
Plethysmograph (BOD POD): A  
Methodological Investigation

Claire Mills, BA (Hons), PGCE (PE), MSc, FHEA, PhD*; Mark De Ste Croix, PhD;  
David James, PhD

School of Sport and Exercise, Faculty of Applied Sciences, University of Gloucestershire, 
Gloucester, GL2 9HW, UK

*Corresponding author
Claire Mills, PhD 

Senior Lecturer 
Faculty of Applied Sciences 
University of Gloucestershire 
Oxstalls Campus, Gloucester 
GL2 9HW, UK 
Tel. +44 (0)1242 517156  
E-mail: clairem@glos.ac.uk

Article History
Received: March 15th, 2017
Accepted: June 20th, 2017
Published: June 22nd, 2017

Citation
Mills C, De Ste Croix MS, James 
D. Linearity of the scale for mass 
and volume within the air displace-
ment plethysmograph (BOD POD): 
A methodological investigation. Sport 
Exerc Med Open J. 2017; 3(2): 58-
62. doi: 10.17140/SEMOJ-3-149

Copyright
©2017 Mills C. This is an open ac-
cess article distributed under the 
Creative Commons Attribution 4.0 
International License (CC BY 4.0), 
which permits unrestricted use, 
distribution, and reproduction in 
any medium, provided the original 
work is properly cited.

Volume 3 : Issue 2
Article Ref. #: 1000SEMOJ3149

Research

Page 58

ABSTRACT

Introduction: In order to maintain the accuracy and reliability for both volume and mass meas-
urements of the air displacement plethysmograph (BOD POD) on a day-to-day basis, quality 
assurance processes are undertaken. Given the importance of accurate estimation of body mass 
and body volume in determining body composition, the aim of this methodological investiga-
tion was to further examine the calibration approaches and to independently determine both the 
linearity and reliability of mass and volume measurements throughout the potential measure-
ment range. 
Methods: Routine calibration procedures for mass (sequentially add known masses ranging 
from 10-30 kg) range and volume (sequentially add known volume of balloons ranging from 
49.900 L to 118.40 L) were conducted using BOD POD model 2000A (Life Measurement Inc.
(LMI), Concord, CA, USA). Scatter plots between actual (known) against predicted (meas-
urement) mass and volume values and bias and 95% limits of agreement plots were produced 
to illustrate the agreement, and paired t-tests to determine significant differences between the 
volumes.
Results: Results revealed that for all mass measurements between 10-30 kg the known mass 
and measured mass were in agreement. With respect to all volume measurements, the predicted 
(measured) volume differed from the actual (known) volume by as little as 0.2 L and as much 
as 0.9 L. There was a difference between actual (known) (mean±SD=65.1±35.9 l) and predicted 
(measured) (64.7±35.8 L), t9=6.35 p<0.01. 
Conclusion: One might question the relevance of only being able to calibrate mass to a maxi-
mum of 30 kg, when body mass of adult participants certainly exceed 30 kg. Results from the 
adapted volume calibration trial using balloons revealed underreporting of predicted (meas-
ured) volumes by 0.4 L. However, on the basis of this methodological investigation, it is possi-
ble to be broadly confident with the linearity and reliability of both mass and volume measure-
ment outcomes from the BOD POD involving a reasonable level of rigour.

KEY WORDS: Air displacement plethysmograph; BOD POD; Linearity; Method; Mass; 
Volume; Reliability.

INTRODUCTION

The air displacement plethysmograph or its trade name BOD POD® (BOD POD) which is more 
familiarly known uses the inverse relationship between pressure (P) and volume (V) to derive 
body volume of a participant from a 750 L fibreglass shell that comprises of two chambers.1 
Firstly, the test chamber that accommodates the participant during testing and secondly, the 
reference chamber that contains instrumentation for measuring changes in pressure between 
the two chambers.2-4 The moulded front seat forms a common wall separating the test and ref-
erence chambers, each with an approximate volume of ≈450 and 300 L respectively with a vol-
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ume-perturbing element (a moving diaphragm) connecting the 
two chambers5 as shown in Figure 1. The volume of a participant 
body is measured indirectly through the application of relevant 
physical laws (Boyle’s Law) by subtracting the volume of air it 
displaces inside an enclosed chamber when the participant is in-
side, from the volume of air in the chamber when it is empty.4,6-8

	 With the procedural difficulties associated with hydro-
static weighing, the introduction of air displacement plethys-
mography in 1995 gained popularity among body composition 
researchers.3,8,10 This is mainly attributable to the BOD POD 
offering several viable operating alternatives to hydrostatic 
weighing.11,12 For instance, by replacing the intimidating incon-
venience of water immersion (~30 minutes) with the comfort of 
air (~5 minutes), can place fewer demands on the participant.3,5,14 
As a result, there is potentially a wider clinical application in-
cluding athletes, children, obese, older adults and people with 
disabilities.8,14,15 However, since its development, researchers 
have reported varying degrees of reliability and validity issues.16 
For instance, Collins et al17 reported reliability values of 0.994 
and a technical error of measurement of 0.448% and discovered 
that BOD POD whole body density measurements (1.064±0.002 
g.ml-1) were significantly greater (p<0.05) than hydrostatic 
weighing whole body density (1.060±0.002 g.ml-1), concluding 
that that the BOD POD was over predicting whole body densi-
ty.17 Interestingly, Lockner et al18 found there was a significant 
difference between average BOD POD whole body density 
(1.0466±0.0187 g.ml-1) and average hydrostatic weighing whole 
body density (1.0403±0.0187 g.ml-1) (p<0.0005). From a prac-
tical point of view, there have been even been reports that obese 
participants and large athletes on occasion have struggled to sit 
inside and close the BOD POD.

	 As part of the quality assurance process, the BOD POD 
was rigorously tested by the manufacturers, Life Measurement 
Inc. (LMI), Concord, CA, USA, to establish accuracy, reliability 
and linearity for both volume and mass measurements.2,9 These 
quality assurance processes are undertaken by the manufacturer 

before to distribution and installation of the BOD POD, where 
multiple tests of 20 kg, 40 kg, 60 kg and 80 kg masses and 30 
L, 50 L and 90 L volumes are conducted.9 However, in order to 
maintain the accuracy of the BOD POD on a day-to-day basis, 
further quality control procedures are required in situ.9 These 
quality control procedures consist of a mass and volume cali-
bration which are conducted before every testing bout and are 
designed to check the linearity and reliability of the BOD POD 
system.9 These calibration techniques were executed following 
the manufacturer’s automated process by inputting measured 
values via the user interface. The procedure required the prima-
ry investigator to perform sequential steps without interruptions 
with equipment provided by LMI, Concord, CA, USA.18 

METHODS

Calibration measurement protocols for both mass and volume 
were rigorously followed in accordance with the step by step 
instructions given on the BOD POD (BOD POD model 2000A, 
LMI, Concord, CA, USA) system computer. This procedure re-
quired the researcher to perform five sequential calibration at-
tempts without interruptions for both mass and volume. 

Measurement Procedure for Mass

The routine mass calibration procedure was followed and the re-
searcher was able to sequentially add known (actual) calibration 
masses ranging between 10 kg to 30 kg. Although not ideal, giv-
en the likely range of measurements in practice, the relationship 
between actual and predicted mass could be plotted (0-30 kg) 
and extrapolated linearly to likely measurement values within a 
realistic range. 

Measurement Procedure for Volume

Following the routine volume calibration procedure where cali-
bration is repeated if two of the five mean volume measures are 
not between 49.900 L and 50.100 L.9 The researcher was able to 

Figure 1: General Arrangement of Chambers, Participants 
and Diaphragm. (Life Measurement Inc.,)9
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sequentially add up to ten known (actual) volumes correspond-
ing to 118.40 L (i.e., 11.84 L, 23.68 L, 35.52 L, 47.36 L, 59.20 L, 
71.04 L, 82.88 L, 94.72 L, 106.56 L and 118.40 L). The known 
volumes were established using balloons that were each inflated 
with 12 L of air using a Morgan Medical 3 L calibration syringe 
(Ferrari’s Cardio Respiratory Ref 0413, Morgan Medical Ltd., 
Rainham, Kent, England) (i.e., 4x3 L=12 L volume of air into 
each balloon). Unfortunately due to the practicalities of the in-
flation procedures, releasing of the syringe and tying of each 
balloon resulted in χ 0.16 L of air being lost. Each balloon was 
verified as having a known volume of 11.84 l through the nor-
mal BOD POD calibration process of 5 volume measurements 
in succession. 

	 Data analysis included a scatter plot of actual (known) 
against predicted (measured) mass values was produced to illus-
trate the agreement between the predicted mass and actual mass 
measures and extrapolated between 40 to 120 kg (Figure 2). 

Figure 3 illustrates the agreement between the actual (known) 
against predicted (Manufacturer’s calibration equipment includ-
ed two 10 kg calibration National Institute of Standards and 
Technology (NIST), Gaithersburg, MD, USA weights that are 
used on the digital weighing scale to calibrate mass and a 50.110 
L calibration cylinder that is used within the BOD POD chamber 
to calibrate volume). Given the central importance of accurate 
estimation of body mass and body volume in determining body 
composition, the aim of this methodological investigation it is 
crucial to independently review both the linearity and reliability 
of mass and volume measurements for the BOD POD and to fur-
ther examine the calibration approaches throughout the potential 
measurement range (measured) volume values and the linearity 
through the likely (practical) measurement range. The bias and 
95% limits of agreement between the actual (known) against the 
predicted (measured) volumes are illustrated in Figure 4. Paired 
t-tests were undertaken to determine whether significant differ-
ences were present between the known and measured volumes.

Figure 2: Actual (known) versus Predicted (measured) Mass  and Extrapolation  
for the BodPod through the Likely Measurement Range. 
Note: Extrapolated from 40.00-120.00 kg.

Figure 3: Actual (known) and Predicted (Measured) Volumes from the BodPod through 
the Likely Measurement Range.
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Figure 4: Bland and Altman Plot Showing Bias and 95% Limits of Agreement between the Actual (known) 
Against the Predicted (Measured) Volume for BodPod.
Note: A positive bias indicates higher actual (known) values in relation to the predicted (measured) values.

RESULTS

Results revealed that for all mass measurements between 10-
30 kg the known mass and measured mass were in agreement 
(Figure 2). Furthermore, measures of mass between 40-120 kg 
extrapolated (Figure 3) to estimate the value of masses outside 
the range tested.

	 Results revealed that for all volume measurements, the 
predicted (measured) volume differed from the actual (known) 
volume by as little as 0.2 L and as much as 0.9 L (Figure 3). 
When comparing the agreement between the actual (known) 
volumes against the predicted (measured) volumes, results indi-
cated systematic bias whereby the predicted (measured) volumes 
were underreported compared with the actual (known) volumes 
(Figure 4). There was a difference between actual (known) 
(mean±SD=65.1±35.9 L) and predicted (measured) (64.7±35.8 
L), t9=6.35 p<0.01.

CONCLUSION

With regards to mass, the calibration masses from 10-30 kg 
were in agreement and in line with the BOD POD system quali-
ty control process when checking mass linearity and reliability.9 
However, one might question the relevance of only being able to 
calibrate a measurement tool to a maximum of 30 kg, especially 
when the body mass of participant’s are certainly in excess of 30 
kg. As LMI, Concord, CA, USA, calibration equipment consists 
of two 10 kg calibration NIST weights for the calibration pro-
cess on the digital weighing scale, this does pose the question 
whether the BOD POD system is designed to provide operator 
ease when lifting relatively light weights repeatedly or whether 
it checks the linearity across the mass scale. Similarly the reli-
ability and linearity of the volume scale was measured within 
the BOD POD system at 30 L, 50 L and 90 L. Results from 
the adapted volume calibration trial using balloons revealed un-
derreporting of predicted (measured) volumes by 0.4 L, which 
slightly exceeds the LMI, Concord, CA, USA, recommended 
calibration range between 0.01-0.21 L.9 Given the importance of 

accurate estimation of body volume in determining body com-
position, it is questionable why LMI, Concord, CA, USA only 
provide a 50.110 L calibration cylinder and again poses the ques-
tion of operator ease versus linearity. It is unfortunate that there 
is no facility to independently test the BOD POD for the linear-
ity of the mass and volume scale, therefore conducting quality 
control procedures throughout the potential measurement range 
(in relation to the population sample) is something that should 
be taken into account in future research. On the basis of this 
methodological investigation however, it is possible to be broad-
ly confident with the linearity and reliability of mass and volume 
measurement outcomes throughout the measurement range from 
the BOD POD involving a reasonable level of rigour. 
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