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                                      Measurement Accuracy of Heart Rate and Respiratory 
Rate during Graded Exercise and Sustained Exercise in 
the Heat Using the Zephyr BioHarness TM 

contact devices that require the use of nasal 
prongs, facemasks or endotracheal tubes (e. g., 
capnography, fi ber optic nasal sensors, nasal 
thermisters, nasal pressure tranducers, pyroelec-
tric monitor strips, pneumotachography, etc.) to 
detect changes in such parameters as exhaled 
carbon dioxide, air temperature and air humidity 
  [ 2   ,  7   ,  10   ,  12 ]  , but that may themselves alter the RR 
and pattern. Other technologies include pulse 
oximetry-derived plethysmograms, electrocardi-
ogram-based respiratory rate derivation, respira-
tory inductance plethysmography, and thermal 
imaging of expired air, all of which can be 
impacted by motion artifact   [ 2   ,  12 ]  .
  The BioHarness TM  (Zephyr Technology Corpora-
tion, Annapolis, MD, US) is a U.S. FDA-approved 
wireless, ambulatory physiological monitoring 
device that consists of a 50 mm wide, adjustable 
fabric chest strap and attached transmitter unit 
(total weight 85 grams). The BioHarness deter-
mines HR via capture of cardiac electrical 
impulses by conductive fabric (anti-microbial sil-
ver lycra) skin electrodes that are relayed to the 
transmitter for electronic fi ltration and analysis. 
The BioHarness measures RR through an embed-
ded proprietary capacitive sensor composed of 

        Introduction
 ▼
   Measurement of heart rate (HR) and respiratory 
rate (RR) is important in medical evaluations, 
exercise science studies, and various other fi eld 
scenarios (e. g., sports; occupational activities). 
HR can be identifi ed by manual means (i. e., pal-
pation of the pulse), or through the use of a 
device that captures bioelectric signals generated 
by the heart. One popular technology for modern 
wireless HR monitors consists of a chest strap 
that contains sensors for capturing cardiac elec-
trical impulses conducted across the skin. These 
impulses are then transmitted to a receiver for 
real-time display and/or downloading for later 
analysis. Estimation of RR by observation and 
counting is unreliable and variable, even among 
trained healthcare professionals   [ 12 ]  . This is due, 
in part, to the limitations of identifying shallow 
respirations and the interposition of various 
other modifi ers such as talking, emotional states 
(e. g., sobbing, etc.) and movement (e. g., during 
exercise test, etc.). In response to these limita-
tions, numerous methodologies have been devel-
oped that utilize various technologies to measure 
RR. These RR measurement technologies include 
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                                      Abstract
 ▼
   The Zephyr BioHarness TM  was tested to deter-
mine the accuracy of heart rate (HR) and respi-
ratory rate (RR) measurements during 2 exercise 
protocols in conjunction with either a labora-
tory metabolic cart (Vmax) or a previously vali-
dated portable metabolic system (K4b 2 ). In one 
protocol, HR and RR were measured using the 
BioHarness and Vmax during a graded exer-
cise up to V

.
O 2max  (n = 12). In another protocol, 

HR and RR were measured using the BH and 
K4b 2  during sustained exercise (30 % and 50 % 
V
.
O 2max   for 20 min each) in a hot environment 

(30  °C, 50 % relative humidity) (n = 6). During the 

graded exercise, HR but not RR, obtained from 
the BioHarness was higher compared to the 
Vmax at baseline and 30 % V

.
O 2max  (p < 0.05), but 

showed no signifi cant diff erence at other stages 
with high correlation coeffi  cients for both HR 
(r = 0.87–0.96) and RR (r = 0.90–0.99 above 30 % 
V
.
O 2max ). During the exercise in the heat, there 

were no signifi cant diff erences between the 
BioHarness and K4b 2  system. Correlation coef-
fi cients between the methods were low for HR 
but moderately to highly correlated (0.49–0.99) 
for RR. In conclusion, the BioHarness is compa-
rable to Vmax and K4b 2  over a wide range of V

.
O 2  

during graded exercise and sustained exercise in 
the heat.
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layers of conductive fabric, foam and fl exible mylar   [ 6 ]  . Based 
upon the principle of a strain gauge sensor (i. e., the resistance 
of a conductor is increased when the area of the conductor is 
increased)   [ 2 ]  , thoracic expansion and contraction cause size dif-
ferentials that induce changes in capacitance because of resultant 
changes in impedance (opposition of a circuit to electrical fl ow). 
The change in impedance is manifested as a change in waveform 
signal amplitude represented as a sine wave with downward and 
upward defl ections indicating chest expansion (increased imped-
ance) and contraction (decreased impedance), respectively. To our 
knowledge, no study has investigated the accuracy of BioHarness-
determined HR and RR other than 2 limited manufacturer-
directed studies (n = 4) which simply tested BioHarness at a short 
period of 5-minute static, walking and running exercises (Zephyr 
Application Notes and White Papers, Zephyr Technology Corp., 
Annapolis, MD, http://www.zephyr-technology.com/resources/
whitepapers) and one recent study which only validated RR 
measurements relative to percentages of peak treadmill speed   [ 8 ]  . 
Therefore, the aim of this study was to determine the accuracy of 
the BioHarness measurements of HR and RR as compared to 
standard laboratory spirometry during a graded exercise test 
(GXT) and a previously validated portable metabolic system dur-
ing a sustained period of exercise in the heat.

    Materials and Methods
 ▼
    Subjects
  12 healthy men were recruited whose demographics were as 
follows: mean (standard deviation), age: 25.5 years (4.1), height: 
180.1 cm (6.5), weight: 78.8 kg (13.9), and Body Mass Index: 
24.2 kg.m 2  (3.2). Prior to participation in the 2 protocols, all sub-
jects underwent a medical examination by a licensed physician 
including a urine screening test for drugs-of-abuse (Triage™, 
Biosite Inc., San Diego, CA) and both oral and written informed 
consent was obtained from each subject. The study was approved 
by the NIOSH Human Subjects Review Board and performed in 
accordance with the ethical standards of the International Jour-
nal of Sports Medicine   [ 9 ]  .

    Test procedure
  The fi rst part of the study was carried out in a physiology labora-
tory under ambient laboratory conditions (22 °C, 40–50 % rela-
tive humidity [RH]), and 12 subjects exercised while wearing 
cotton t-shirts, athletic shorts, and athletic shoes. The subjects 
also wore a BioHarness while connected by a mouthpiece to a 
standard metabolic cart with open-circuit spirometry and 
12-lead electrocardiogram (Vmax Spectra System, VIASYS, 
Yorba Linda, CA) while participating in a Graded Exercise Test 
(GXT) up to their maximal (peak) rate of oxygen consumption 
(V

.
O 2max ). The second part of the testing (heat exposure test: 

HET) was carried out in an environmental chamber (32 °C, 50 % 
RH; heat index = 35 °C) a minimum of 7 days after the GXT. 6 sub-
jects were randomly selected from the original pool of 12 sub-
jects for participation in the HET. These 6 subjects wore the 
same athletic clothing and shoes as in the GXT and engaged in 
continuous treadmill exercise at 2 diff erent V

.
O 2  stages (30 % and 

50 % V
.
O 2max  with no rest period between stages). Each stage lasted 

20 min for a total of 40 min of exercise. During this part of the test-
ing, the BioHarness was worn concurrently with a previously vali-
dated, portable cardiopulmonary breath-by-breath gas exchange 
analyzer (Model K4 b 2 , COSMED ,  Rome, Italy) that employs a bi-

directional digital turbine fl owmeter fi tted to a facemask   [ 14 ]  . 
Thus, with the present study design, we tested the accuracy of the 
BioHarness-determined HR and RR responding to an incremental 
exercise stress from rest to exhaustion, and a sustained exercise in 
heat stress conditions to mimic its application in the fi eld.

    Statistical analysis
  The data were fi rst summarized as a 1-min average value by  % 
V
.
O 2max  in the GXT and by time in the HET for subsequent statis-

tical analysis. Paired-sample Wilcoxon signed rank test and 
Spearman correlation coeffi  cients for non-parametric variables 
were performed to determine the systematic mean diff erence 
and the degree of monotonic relationship between the methods, 
respectively. Additionally, Bland-Altman plots were created 
using SigmaPlot (v.12, Systat Software Inc., San Jose, CA) to 
 quantify disagreements of the individual measurements of the 
 variables between the methods (95 % limits of agreement 
[LoA] = mean diff erence ± 1.96 SD). Statistical signifi cance was 
accepted when p < 0.05, and all analyses were performed using a 
statistical software package (SPSS v.18, IBM, Somers, NY).

     Results
 ▼
   All subjects completed GXT (n = 12) and 6 of them also  completed 
HET (n = 6). The descriptive summary and results for  statistical 
analysis during GXT and HET are presented in      ●  ▶     Table 1    ,   2  , 
respectively.
        During the GXT, overall HR readings during higher intensity 
exercise were not signifi cantly diff erent between the BioHarness 
and Vmax. However, BioHarness recorded signifi cantly higher 
HR than Vmax at lower metabolic rates (Baseline and 30 % 
V
.
O 2max ; p < 0.05). Spearman correlation coeffi  cients showed that 

the measurements by the 2 systems were highly correlated over-
all with r-values ranging from 0.87 to 0.96 for HR and from 0.80 
to 0.97 for RR, and a moderate correlation with a coeffi  cient of 
0.50 for RR at 30 %  % V

.
O 2max . The Bland-Altman plots indicated a 

bias of 0.5 (LoA:  + 16.3, − 15.3) for HR and -0.6 (LoA:  + 4.4, − 5.6) 
for RR (     ●  ▶     Fig. 1a, b  ). Only one individual measurement (of total 
72) was outside the LoA limits for both HR and RR. In terms of 
agreement, systemic bias between the 2 systems for both HR 
and RR was very small as indicated by the fact that most of the 
measurement diff erences are symmetrical around the bias line.
   During HET, there were no signifi cant diff erences between the 
BioHarness and K4 b 2  for any measured physiological parameter 
(p > 0.05) (     ●  ▶     Table 2  ). Spearman correlation coeffi  cients were 
low for HR (with the exception of baseline [0.89]), whereas RR 
was moderately to highly correlated, with r-values ranging from 
0.49 to 0.99 (     ●  ▶     Table 2  ). The Bland-Altman plots indicated a bias 
of 0.3 (LoA:  + 17.8,  − 17.2) for HR and 0.2 (LoA:  + 8.5,  − 8.2) for 
RR (     ●  ▶     Fig. 1c, d  ). 5 and 4 of the individual measurements for HR 
and RR, respectively (of total 56), were outside LoA limits. HR 
and RR measurements between the 2 systems agreed fairly well 
within LoA; however, the individual data were widely dispersed 
from the bias line, with more values observed beyond one stand-
ard deviation compared to those during GXT.

    Discussion
 ▼
   The purpose of the present study was to test the accuracy of the 
HR and RR measurements obtained from the BioHarness as 
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compared to the Vmax metabolic cart and also to the K4 b 2  port-
able metabolic measurement system, (such as would be used in 
fi eld studies), in order to determine its possible utility under 
various study scenarios. During the GXTs, the Vmax and BioHar-
ness data were concordant, especially with respect to RR deter-

minations, with no signifi cant diff erences overall, coupled with 
strong correlation coeffi  cients (     ●  ▶     Table 1  ,      ●  ▶     Fig. 1b  ). The Bio-
Harness recorded slightly lower HR than the Vmax at early 
stages of GXT, with a mean diff erence between 3.2 and 4.4 
beats · min  − 1  associated with somewhat greater individual HR 

  Table 1    Summary of HR and RR measurements during Graded Exercise Testing (GXT). 

    Heart Rate    Respiratory Rate  

  Vmax    BioHarness    p    r s     Vmax    BioHarness    p    r s   

  Baseline    76.9 (8.0)    80.1 (7.1)    0.01    0.87    17.6 (5.4)    18.2 (4.3)    0.70    0.80  
  30 % V

.
O 2max     100.1 (11.3)    104.5 (11.0)    0.04    0.88    26.1 (4.3)    24.9 (5.1)    0.10    0.50  

  50 % V
.
O 2max     125.0 (13.4)    123.6 (11.9)    0.53    0.92    26.7 (4.3)    25.4 (4.5)    0.12    0.95  

  70 % V
.
O 2max     145.3 (13.7)    142.0 (13.8)    0.70    0.90    31.1 (5.1)    31.3 (5.4)    0.88    0.90  

  90 % V
.
O 2max     171.2 (8.2)    171.8 (7.4)    0.35    0.96    36.6 (7.8)    36.3 (7.8)    0.70    0.99  

  V
.
O 2max     183.5 (9.1)    182.7 (8.0)    0.29    0.92    42.4 (9.6)    41.9 (8.7)    0.30    0.97  

  Values are mean (SD) (n = 12)  
  V̇ O 2max : 46.1 (6.3) ml/kg/min  
  p: p-value from Paired-Sample Wilcoxon Signed Rank Test  
  r s : Spearman correlation coeffi  cient  

  Table 2    Summary of HR and RR measurements during Heat Exposure Test (HET).  

    Heart Rate    Respiratory Rate  

  K4 b 2     BioHarness    p    r s     K4 b 2     BioHarness    p    r s   

  Baseline    81.0 (4.4)    78.5 (5.9)    0.25    0.89    16.7 (1.5)    16.8 (3.4)    0.75    0.77  
  5 min    96.7 (10.2)    99.2 (6.6)    0.92    0.26    23.1 (2.9)    23.8 (3.2)    0.69    0.49  
  10 min    98.8 (7.9)    102.3 (5.3)    0.60    0.44    25.0 (6.3)    24.7 (3.7)    0.60    0.94  
  15 min    102.0 (11.6)    104.2 (5.3)    0.83    0.23    24.6 (5.8)    24.9 (3.0)    0.97    0.71  
  20 min    103.7 (11.8)    106.1 (5.4)    0.75    0.09    26.7 (8.3)    26.4 (5.0)    0.97    0.99  
  25 min    123.2 (11.0)    125.0 (8.3)    0.92    0.54    28.2 (7.9)    28.4 (5.8)    0.46    0.83  
  30 min    129.7 (7.2)    130.2 (8.4)    0.92    0.60    29.5 (7.6)    30.4 (4.1)    0.75    0.94  
  35 min    134.9 (8.2)    131.1 (8.1)    0.17    0.09    29.6 (8.4)    30.4 (2.1)    0.25    0.94  
  40 min    137.5 (9.5)    133.6 (8.2)    0.35    0.37    30.9 (7.5)    29.9 (2.5)    0.89    0.54  
  Values are mean (SD) (n = 6)  
  p: p-value from Paired-Sample Wilcoxon Signed Rank Test  
  r s : Spearman correlation coeffi  cient  

    Fig. 1    Bland-Altman plots for HR and RR meas-
urements during GXT  a, b  and HET  c, d . Center 
broken line: mean diff erence (bias) between the 
2 methods. Upper and lower dot lines: mean dif-
ference ± 1 SD. Upper and lower solid lines: mean 
diff erence ± 1.96 SD (95 % limits of agreement). 
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variability. This diff erence in HR frequency was attributable to 
one subject, and resulted in statistically higher HR readings at 
rest (p = 0.01) and during exercise at 30 % V

.
O 2max  (p = 0.04). How-

ever, HR measurements were not statistically diff erent at any 
other stage, as indicated by an average mean diff erence of 2.3 
beats · min  − 1 . This variance in HR is unlikely to be related to the 
RR in as much as it has previously been shown that HR and RR 
variability are mutually independent of one another   [ 17 ]  . In 
addition, HR and RR measurements by both systems were 
strongly correlated, indicating that overall measurement errors 
are consistent. These results are in close agreement with previ-
ously stated accuracy criteria (HR errors of ≤ 5 beats · min  − 1  and 
correlations of  ≥ 0.90)   [ 16 ]   for a HR monitor compared to EKG. 
The Bland-Altman plot showed overall bias of 0.5 and LoA 
between 16.3 and  − 15.3 (     ●  ▶     Fig. 1a  ) for HR and overall bias 
of  − 0.6 and LoA between 4.4 and  − 5.6 for RR (     ●  ▶     Fig. 1b  ). These 
results are comparable to a recently validated HR monitoring 
device that showed overall bias between 1.8 and  − 1.9 and LoA 
between 14.7 and  − 15.7 (during rest to running at 9.6 km · h  − 1 ) 
  [ 11 ]   and a transthoracic impedance plethysmography unit that 
showed a bias of  − 1.2 and LoA between 7.5 and  − 9.9 (in a triage 
setting)   [ 12 ]  .
  Studies by Hailstone and Kilding   [ 8 ]   examined the accuracy of 
the BioHarness system in subjects performing a GXT. The focus 
of the research was to determine whether the anaerobic thresh-
old could be identifi ed using RR data from the BioHarness. 
Although the data from the BioHarness was demonstrated to be 
similar to that obtained from a standard metabolic cart at exer-
cise intensities  < 70 % V

.
O 2max , a signifi cant diff erence was noted 

during higher exercise intensities. This is in contrast to our fi nd-
ings in which the BioHarness underestimated HR but not RR at 
lower exercise intensities but HR and RR were strongly corre-
lated to our metabolic cart at higher intensities under mild labo-
ratory conditions (22 °C, 50 %RH). We attribute the discrepency 
to inter-instrument diff erences; however, the actual cause of the 
diff erence remains unclear.
  There were no signifi cant diff erences in HR and RR measure-
ments between the BioHarness and K4 b 2  systems during the 
second part of the study (HET) (     ●  ▶     Table 2  ). Nevertheless, HR 
measures were poorly correlated overall, whereas RR showed a 
slight decrease in correlation coeffi  cient values compared to 
those during GXT (     ●  ▶     Table 2  ). Although the biases between the 
2 systems for HR (0.3) and RR (0.2) were minor and smaller than 
those during GXT, LoA was much wider at 17.8 and  − 17.2 for HR 
and 8.5 and  − 8.1 for RR during HET, indicating a greater variabil-
ity in measurements (     ●  ▶     Fig. 1b, c  ). This increased variability 
during HET may be partially related to increased motion artifact. 
In addition, given that moisture content on the BioHarness chest 
strap aff ects electrical impulse conduction (BioHarness™ User 
Guide, Zephyr Technology Corp., Annapolis, MD,) diff erences in 
moisture (sweat) accumulation on the BioHarness chest strap 
during a sustained period of exercise in the heat may be respon-
sible for some of the observed variability. Yet, the BioHarness 
provided reasonably accurate measurements of RR during a sus-
tained period of exercise while showing less accurate, but com-
parable, results from previous studies that tested a portable 
plethysmographic device indicating a correlation coeffi  cient of 
0.92 (ranging from rest to running at 8.9 km · h  − 1 )   [ 18 ]   and 0.98 
(walking/running at 50 % V

.
O 2max  in protective clothing)   [ 5 ]  . It is 

also perhaps not surprising that lower variability for RR than HR 
was noted for all phases of the current study insofar as while 
both RR and HR increase abruptly with exercise onset   [ 4   ,  15 ]  , 

respiration follows a more gradual increase as exercise contin-
ues   [ 4 ]   and reaches a steady state that is related to the metabolic 
demands of exercise   [ 13 ]  . Finally, despite the environmental 
chamber being lined with stainless steel on its inner and exte-
rior surfaces, no interference with data transmission to a com-
puter located outside of the chamber occurred, a problem we 
have previously encountered with other systems.
  Limitations of the current study include the small number of 
subjects studied (n = 6 for chamber study and n = 12 for GXT). 
Nonetheless, in our subjects, between-subject variability was 
small in terms of functional and demographic characteristics, 
which could have reduced the likelihood of detecting a true dif-
ference (β-error) caused by small samples. The present study did 
not include a test on the repeatability of each device tested as 
suggested to perform in a method comparison study   [ 3 ]  , but 
replicated testing is rarely performed in human subject testing. 
Lastly, the results from HET need to be interpreted with caution 
as the protocol compared the BioHarness with a previously vali-
dated portable device for its use in a fi eld scenario, but not for 
validation against a standard laboratory device.
  In conclusion, the BioHarness was found to provide reasonably 
accurate HR and RR measurements comparable to a standard 
laboratory metabolic system over a wide range of V

.
O 2  measured 

during GXTs and to be comparable to a previously validated 
portable metabolic system during sustained, low and moderate 
(30 % and 50 % V

.
O 2max ) intensity exercise in the heat. Measure-

ment of RR in fi eld-type studies is problematic   [ 1 ]   and the Bio-
Harness off ers a relatively unobtrusive manner for obtaining this 
information accurately. Further investigation into the perform-
ance of BioHarness over various types and intensities of exercise 
in the fi eld is warranted.   
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