Static sensitivity of whole-room indirect calorimeters
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Abstract— Whole-room indirect calorimeters (WRIC) are
accurate tools to precisely measure energy metabolism in humans
via calculation of oxygen consumption and carbon dioxide
production. Yet, overall accuracy of metabolic measurements
relies on the validity of the theoretical model for gas exchange
inside the WRIC volume in addition to experimental and
environmental conditions that contribute to the uncertainty of
WRIC outcome variables. The aim of this study was to
quantitatively study the static sensitivity of a WRIC operated in
a push configuration and located at the laboratories of the
University Hospital of Pisa with the goal to identify the
experimental conditions required to reach the best degree of
accuracy for outcome metabolic measurements. Herein we
demonstrate that achieving a fractional concentration of carbon
dioxide inside the WRIC >0.2% at the steady state conditions
allows to obtain a relative uncertainty <5% for the outcome
metabolic measurements.
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I. INTRODUCTION

Whole-room indirect calorimeters (WRIC) are increasingly
used devices to precisely measure the rate of energy
expenditure in humans via calculation of oxygen (Oy)
consumption and carbon dioxide (CO) production [1, 2]. The
accurate assessment of human energy metabolism by WRIC
systems allows the characterization of each person’s metabolic
phenotype informative for the individual susceptibility to
weight gain and obesity [3, 4]. On the basis of an established
dynamic WRIC model for gas exchange [5-7] and known
WRIC air volume, the rates of oxygen consumed (VO,) and
carbon dioxide produced (VCO,) by an individual inside a
WRIC operating in a push (or pull) configuration can be
calculated upon measurements of air inflow (or outflow) rate
and fractional concentrations of O, and CO; both in inflow air
and in WRIC air. Accordingly, the overall uncertainty of VO,
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Figure 1. Schematic representation of a whole-room indirect
calorimeter (push-pull configuration) showing measured quantities.

and VCO, estimates relies on the uncertainty of measurements
of air flow rate by mass flow meter/controller and O, and CO,
concentrations by gas analyzers, which ultimately impact also
the uncertainty of metabolic rate calculated by applying indirect
calorimetry equations to VO, and VCO, measurements. For
instance, unpredictable variations in O, and CO> concentrations
in fresh air due to environmental influences [8] or in WRIC air
during the course of experiments may propagate through the
WRIC model equations and constitute a source of error for VO,
and VCO, estimates. Quantifying the impact of each WRIC
variable on outcome measurements may provide insight into
the best experimental conditions that can minimize the effects
of measurements errors and model uncertainties to ensure more
accurate estimates of outcome metabolic quantities [9]. In fact,
air inflow rate can be precisely adjusted by a mass flow
controller (or by a voltage-controlled blower) in a push-
calorimeter to ultimately achieve a steady-state value for the
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Figure 2. Relationship between CO: concentration versus O:
concentration inside the WRIC at the steady-state for RQ = 0.6.
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Figure 3. Partial derivatives of MR (right y-axis), VO, and V CO,
(left y axis) with respect to air inflow rate versus fCOoygc(x axis).

fractional concentration of CO; inside the WRIC [7, 10]. Yet,
the quantification of uncertainty in outcome WRIC
measurements arising from the uncertainty in inflow rate and
CO; measurements is warranted to identify the optimal
experimental conditions for these two WRIC variables. The
aim of the present study was to conduct a formal sensitivity
analysis of WRIC model for gas exchange in steady-state
conditions to quantify the impact of each WRIC system
variable on the uncertainty of VO, and VCO, outcome
measurements.

II. METHODS

A. Static sensitivity of steady-state WRIC dynamic model

A schematic representation of a WRIC operated in a push-
pull configuration is shown on Figure 1. including the most
important components, parameters, and measured quantities.
The steady-state (static) equations for VO, and VCO,
measurements [mL/min] of an individual residing inside the
WRIC are the following:

V0, = =V X (fOzwric X H— f03,) X 10

VCO, = Vi X (fCOpwric X H— fCO,p) X 10 1)
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Figure 4. Partial derivatives of MR (vight y-axis),, VO, and VCO,
(lefty axis) with respect to fOy i (@), fCO2 iy (B), fO2wric (), and
fCO,wric (d) versus fCO, wric (x axis) for three different values

of Vm

where V;,, is the air inflow rate [L/min] while
fOumand fCOy;, and  fO,wric and fCO,wric are the
fractional concentrations of O, and CO, (expressed as
percentage) in inflow air and inside the WRIC, respectively



[7]. The quantity H is the Haldane factor based on nitrogen
balance in fresh and WRIC air:

_ 100% — fOy i — fCO4 i
100% — fOzwric — fCO2wric

(2)

In our data simulations, the fractional concentrations of O,
and COz in inflow air (f O, ;;, and fCO, ;,,) were assumed to be
constant at 20.93% and 0.03%, respectively. The respiratory
quotient (RQ), calculated as the ratio of VCO, divided by VO,,
was set to 0.6 to simulate the expected RQ of a chemically pure
propane burn, commonly used for WRIC validation tests [9].
The metabolic rate (MR, kcal/min) was derived using the
Lusk’s equation on the basis of VO, and RQ:

_vco,
"~ vo,
MR = VO, X [4.686 + (RQ — 0.707) x 1.2321] 3)

Assuming constrained values for O, and CO;
concentrations in inflow air as well as for RQ, the WRIC
steady-state model can be studied by varying the values for air
inflow rate Vi, and CO, concentration inside the WRIC to
evaluate their impact on outcome VO,, and VCO, estimates.
Being the RQ independent from V;,, setting a value for RQ
consequently constrains the value of fO, wgc once a value for
fCO,wric has been chosen (Figure 2). The whole WRIC
model is thus described as a function both of V,, and
fCOzwric-

Figure 5. Instrumentation rack hosting the as analyzers.
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Figure 6. Trends of relative uncertainty for V05 (a), VCO, (b), and
MR (c) as a function of fCOy wric (x axis) for three different values

of Vin.

For a full characterization of outcome WRIC
measurements at the steady state, the measurement uncertainty
in inflow rate and gas concentrations must be taken into
account and propagated through the equations (1), (2) and (3).
The sensitivity analysis of WRIC model is important in order
to possibly minimize uncertainty for VO, and VCO, enhancing
the accuracy of outcome metabolic measurements (RQ and
MR). Based on the Haldane factor and Lusk’s equation, the
partial derivatives can be analytically derived with respect to
the measured quantities. We assume the input quantities of
WRIC model (inflow rate and gas concentrations) to be
uncorrelated in the normal operation of the WRIC. Then, it is
possible to propagate the measurement uncertainty of the
measured quantities with a first-order Taylor series
approximation of the WRIC model, as recommended by the
GUM [11].

The values of partial derivatives that linearize the WRIC
model around the operating point at the steady-state conditions



Table 1. Steady-state values, absolute and relative uncertainty for the studied quantities.

L/min % ratio % % % Steady-state values Absolute uncertainty Relative uncertainty [%]
Vin | Twmic | RQ | fOum | fOum § fO2wric [L\//r?qfn] [X/Cn?ifl] [kcgﬁl}nin] [m‘ﬁgﬁin] [mVLC/gzin] [kczl/l}nm] Vo, | Veo, | MR
60 0.064 0.6 20.93 0.03 20.88 0.034 0.020 0.155 6.3 4.9 23.7 18.6 24.1 15.3
100 0.064 0.6 20.93 0.03 20.88 0.057 0.034 0.258 10.5 8.2 39.4 18.6 24.1 153
140 0.064 0.6 20.93 0.03 20.88 0.079 0.048 0.362 14.8 11.4 55.2 18.6 24.0 15.3
60 0.2 0.6 20.93 0.03 20.67 0.171 0.102 0.777 6.5 5.0 24.5 3.8 4.9 3.2
100 0.2 0.6 20.93 0.03 20.67 0.285 0.170 1.296 10.7 8.3 40.1 3.7 4.9 3.1
140 0.2 0.6 20.93 0.03 20.67 0.399 0.238 1.814 14.9 11.5 55.9 3.7 4.8 3.1
60 0.5 0.6 20.93 0.03 20.21 0.472 0.281 2.146 7.5 5.5 29.9 1.6 2.0 1.4
100 0.5 0.6 20.93 0.03 20.21 0.786 0.468 3.577 11.6 8.7 452 1.5 1.9 1.3
140 0.5 0.6 20.93 0.03 20.21 1.101 0.656 5.007 15.8 12.0 60.9 1.4 1.8 1.2

are shown in Figure 3 and Figure 4, where the values referring
to VO, and VCO, are reported on the left axis while those
referring to MR are reported on the right axis. The absolute
rates of change of these outcome measurements do not largely
depend on the air inflow rate value V;,,, whereas they increase
as the fractional concentration of CO, inside the WRIC
increases. Assuming VCO, and VO, to be positive values as
calculated in (1), the partial derivatives with respect to the
fractional concentrations of CO» inside the WRIC are shown on
Figure 4. The derivatives referring to the same O, or CO,
concentrations in fresh air (panels a-b) and in WRIC air (panels
c-d) have opposite signs and are mirrored with respect to the x-
axis. In all cases, the derivatives values grow linearly with V;,,.

While the uncertainty value on the measurand is related to
the uncertainty contributions from the measurements on the
model input quantities, those partial derivatives represent the
parameters of propagation of those uncertainties and are only
related to the specific WRIC model used. In the following, the
metabolic chamber at the University Hospital of Pisa is taken
as example to study the propagation of uncertainty with real-
case values for input quantities based on specific
instrumentations.

III. RESULTS

A. Uncertainty analysis

The metabolic chamber at the University Hospital of Pisa,
Italy [12] is 3.60 m long, 3.00 m wide, and 2.70 m high (total
volume 0f 29.16 m?). The chamber has climate control, with an
air conditioning (HVAC) system utilizing chilled water
pipelines and electric heating coils to maintain temperature
within 0.5°C and relative humidity within 30% + 50% (Figure
1). Sample of WRIC air is drawn by membrane pumps, dried to
a humidity level <1,000 ppm using a gas sample dryer (Perma
Pure LLC) driven by counterflowing dry medical air, and then
sent to absolute gas analyzers (Siemens Ultramat/ Oxymat 6).
A voltage-controlled blower (Ametek, Windjammer) draws
fresh air from outside the building and the inflow rate to the
WRIC is finely tuned by a mass flow controller (Teledyne
Hastings Instruments, Digital 300 series, range: 300 L/min).

The overall declared accuracy of mass flow controller can be
expressed as:

+(0.2% full scale + 0.5% of reading) @)

Figure 5 shows the instrumentation rack hosting the
two gas analyzers (Siemens Ultramat/Oxymat 6) used to
measure the O, and CO; concentrations both in fresh air and
WRIC air. The Ultramat gas analyzer operates according to the
infrared two-beam alternating light principle, measuring the
gases whose absorption bands lie within the infrared
wavelength range from 2 um to 9 pm. In our laboratory, this
analyzer cell is used to measure CO, concentration. Concerning
the O concentration, this is measured with the Oxymat cell,
whose principle of operation is based on the paramagnetic
alternating pressure principle. Before each WRIC experiment,
both cells of gas analyzers are calibrated with two-point linear
equation using tanks containing gases with known
concentrations. Specifically, the Oxymat cell is calibrated
between 20% and 21% while the Ultramat cell is calibrated in
the CO; range 0 + 10,000 ppm (0% + 1%). The maximum
declared error both for O, and CO; concentrations is reported
by the manufacturer to be:

+(1% of measuring range) (5

where the measuring range for O, and CO, concentrations
was 1% for both cells. Consequently, assuming a uniform
distribution for errors, the resulting uncertainty for O, and CO,

concentrations can be evaluated as 1% divided by /3.

The propagation of uncertainty values reported in (4) and
(5) through the equations of WRIC model described by (1), (2)
and (3) leads to the relative uncertainty values shown in Figure
6. In our simulations, the values for V;, ranged from 60 to 140
L/min, while CO; concentration inside the WRIC, fCO, wric,
ranged from 0.06% to 0.6%. Accordingly, fO,wric Was
constrained to the corresponding value shown on Figure 2 after
setting a RQ = 0.6. Considering the general quantity K with its
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Figure 7. Relative uncertainty of VO,, VCO,, and MR estimates for
different values of air inflow rate (60, 100, 140 L/min] and CO:
concentration (0.064, 0.2, 0.5%) inside the WRIC.

uncertainty u(K), the relative uncertainty is derived as u(K)/K
for each operating point of the model, ie., for each
combination of V;,, and fCO, wric, given the value of other
quantities in the model. For each of the three outcome quantities
(VO,, VCO,, and MR), the trend of the relative uncertainty as a
function both of V;;, and fCO, g c Was similar (Figure 6). The
relative uncertainty of all three outcome estimates was
practically unaffected by differences in air inflow rate V;, as
can be noted by the superimposition of the three curves for 60-
100-140 L/min in each panel. Conversely, there was a
substantial, nonlinear influence of fCO,wric on the relative
uncertainty of each of the three outcome estimates, such that a
relatively higher values for outcome uncertainty (>5%) was
observed at relatively lower values (<0.1%) of fCO,wric-
Because during WRIC experiments (e.g., propane burn)
FCO, wric typically increases from fresh air levels (~0.03%) to
values >0.2% as a result of an ongoing combustion inside the
WRIC, the corresponding relative uncertainty of outcome
measurements may decrease over time from 15+30% to values
well below 5%, respectively. Taken together, these results
indicate that the main WRIC system variable to be controlled
in order to minimize the effect of measurement uncertainty on

outcome quantities is the fractional concentration of CO; inside
the WRIC.

To quantify and summarize this main result, Table 1 shows
both absolute and relative uncertainty values for specific values
of Vi, and fCO, wric. In particular, three arbitrary values (low,
intermediate, high) were chosen across the experimental range
both for V;,, (60 L'min’!, 100 L-min"!, and 140 L-min’') and
fCOzwric (0.064%, 0.2% and 0.5%). These results are
summarized in Figure 7. Overall, the relative uncertainty of
VCO, was higher than that of VO, or MR. As also observed
above, differences in inflow rate V;;, had an almost negligible
impact on relative uncertainty of all three outcome
measurements. Conversely, there was a strong effect of CO,
concentration inside the WRIC on all uncertainties, such that
all relative uncertainty values substantially decreased below 5%
at a value of 0.2% for fCO, wgic and further below 2% (~1%
for MR) at a value of 0.5% for fCO, wric-
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Figure 8. Weight (%) of each WRIC measured variable to total
uncertainty of V0,, VCO,, and MR estimates for three different
values of fCO wric -

B. Weight of uncertainty sources

Assuming a value of 100 L-min™' for air inflow rate, the
weight of each contribution to uncertainty on VO,, VCO,, and
MR can be quantified. For instance, the uncertainty of MR can
be written based on a linear approximation of the WRIC model
assuming no correlation between quantities as:

U(MR)? = C(Vip)? + C(fOz1n)° + C(FCO2in)
+ C(foz,WRlc)2 + C(fcoz,wmc)2 (6)



where C is the contribution which, taking the air inflow rate
as an example, can be derived as

2

) - uCny? @

dMR
. 2 =
Cm = (55

The ratio between each squared contribution and the
squared uncertainty is represented for the three considered
values of fCO,wric in Figure 8, where the bars show the
contribution of input quantities (i.e., inflow rate and O, and CO,
measurements both in fresh air and in WRIC air) on outcome
uncertainties of VO,, VCO, and MR at three different levels for
fCO,wric- At a low level of 0.064% for fCO, wric (panel a),
Vi, has a negligible influence on the overall uncertainty values
for all three outcome measurements. For higher values of CO;
concentration inside the WRIC (panels b and c), the influence
of ;;, on outcome measurements increases, reaching the value
of ~25% for MR uncertainty when fCO, wric = 0.5% (panel c).

In addition to the increasing contribution of V;;, on MR
uncertainty with increasing fCO, wric, the other contributions
to MR uncertainty are ascribable to the fractional
concentrations of Oy (both in inflow air and in WRIC air
equally), but not to the fractional concentrations of CO, whose
impact was negligible at all fCO,gc values. In summary, not
only it is recommended to promptly reach a steady-state value
for higher fCO, wric (e.g., 0.5% at the midpoint of calibration
curve) to minimize the relative uncertainty on the outcome
measurements as shown in Figure 8, but also to accurately
measure air inflow rate V;;,, and O, concentrations as they
collectively constitute the main contributions to the final
uncertainty of MR measurements.

IV. CONCLUSIONS

In this paper, we analytically studied the static sensitivity of
whole-room indirect calorimeters operating in a push
configuration to quantify the contributions of air flow rate and
measurements of gas concentration on outcome WRIC
measurements (VO,, VCO, and MR). We demonstrated that
achieving a CO; concentration inside the calorimeter greater
than 0.2% at the steady state condition allows to obtain a
relative uncertainty smaller than 5% for the outcome metabolic
measurements.
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