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Can We Better Estimate Resting Oxygen Consumption by

Incorporating Arterial Blood Gases and Spirometric Determinations?

Adriano R Tonelli MD, Xiao-Feng Wang PhD, Anara Abbay MD, Qi Zhang MSc,
José Ramos RRT, and Kevin McCarthy RPFT

BACK GROUND: We hypothesize that oxygen consumption (Vo,) estimation in patients with re-
spiratory symptoms is inaccurate and can be improved by considering arterial blood gases or
spirometric variabless METHODS: For this retrospective study, we included consecutive subjects
who underwent cardiopulmonary exercise testing. Resting Vo, was determined using breath-by-
breath testing methodology. Using a training cohort (n = 336), we developed 3 models to predict
Vo,. Inavalidation group (n = 114), we compared our modelswith 7 availableformulae. RESULTS:
Our first model (Vo, = —184.99 + 189.64 x body surface area [BSA, m?] + 1.49 x heart rate
[beats/min] + 51.51 x F,5 [21% = 0; 30% = 1] + 30.62 x gender [male = 1; female = (]) showed
an R? of 0.5. Our second model (Vo, = —208.06 + 188.67 x BSA + 1.38 X heart rate + 35.6 X

gender + 2.06 x breathing frequency [breaths/min]) showed an R? of 0.49. The best R? (0.68) was
obtained with our last model, which included minute ventilation (Vo, = —142.92 + 052 x heart
rate + 126.84 x BSA + 14.68 x minute ventilation [L]). In the validation cohort, these 3 models
performed better than other available equations, but had wide limits of agreement, particularly in
older individualswith shorter stature, higher heart rate, and lower maximum voluntary ventilation.
CONCLUSIONS: We developed more accurate formulae to predict resting Vo, in subjects with
respiratory symptoms; however, equations had wide limits of agreement, particularly in certain
groups of subjects. Arterial blood gases and spirometric variables did not significantly improvethe
predictive equations. Key words: oxygen consumption; obstructive lung disease; restrictive lung disease;

cardiopulmonary exercise; formula. [Respir Care 0;0(0):1--. © 0 Daedalus Enterprises]

Introduction

The available equations to estimate oxygen consump-
tion (Vo,) were obtained from selected populations (eg,
children with congenital heart diseases) that commonly
differ from the patients encountered in clinical practice
(Table 1). More importantly, the estimates of resting Vo,
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by the available formulae are inaccurate when compared
with the Vo, directly measured either by the breath-to-
breath methodology or Douglas bag technique combined
with mass spectrometry.t Due to these limitations, inves-
tigators have questioned the value of estimating Vo, and
supported its direct measurement.?

Equations to estimate Vo, have not been systematically
studied in patients with lung diseases or respiratory symp-
toms. It is possible that arterial blood gases and spiromet-
ric parameters may be of value to better predict the resting
Vo, in patients with respiratory symptoms or diseases. We
hypothesize that the estimation of Vo, in patients with
respiratory symptoms or diseases is inaccurate and that the
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predictive equations can be improved by adding parame-
ters obtained from arterial blood gases and/or pulmonary
function tests.

Methods
Subject Selection and Study Design

The research protocol was approved by the Cleveland
Clinic institutional review board (study 13-1068). Written
informed consent was waived. We included consecutive
unique subjects who underwent cardiopulmonary exercise
testing at the Pulmonary Function Test Laboratory of the
Respiratory Institute, Cleveland Clinic, between October
2010 and September 2013. Cardiopulmonary exercise test-
ing was ordered at the discretion of the treating physicians
and was performed according to the American Thoracic
Society/American College of Chest Physician recommen-
dations.> Common reasons for ordering the test included
unexplained dyspnea and preoperative evaluation to better
estimate the risk of surgery in subjects with lung diseases.
We have not included patients with cardiovascular dis-
eases because these individuals are tested by the Heart and
Vascular Institute and are not captured in our database.
Similarly, we did not include patients with known pulmo-
nary hypertension, given that patients with this condition
rarely undergo cardiopulmonary exercise testing at our
laboratory.

Immediately before each cardiopulmonary exercise test,
we measured height and weight, which were then used to
calculate body surface area (BSA) by the equation of Du
Bois et al*:

BSA = 0.007184

X (height in cm)®-"2% x (weight in kg)®4?°

Furthermore, we recorded information on smoking status,
type and time of last meal, medications, reason for the test,
and need for supplemental oxygen therapy. We measured
blood pressure and heart rate. Immediately before the Vo,
determination and per protocol, we performed spirometry
following American Thoracic Society/European Respira-
tory Society recommendations® and obtained arterial blood
gases from the radial artery. We later collected data on the
type and severity of lung disease, serum thyroid-stimulat-
ing hormone concentration, and echocardiographic mea-
surements. We graded severity of air flow limitation fol-
lowing the recommendations of the Global Initiative for
Chronic Obstructive Lung disease.® Restrictive lung dis-
ease was considered present when spirometry showed FEV,
over forced vital capacity (FEV,/FVC) = 0.7 and the total
lung capacity was less than 80% of predicted.” In case of
unspecific spirometric findings or overlap (obstructive and
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QUICK LOOK

Current knowledge

Equations to estimate Vo, have not been systematically
studied in patients with lung diseases or respiratory
symptoms. When knowledge of Vo, is important, direct
measurement is typically recommended.

What this paper contributes to our knowledge

New formulae to predict oxygen consumption in sub-
jects undergoing cardiopulmonary exercise testing for
respiratory symptoms were developed using F,q , min-
ute volume, and breathing frequency. Arterial blood
gases and spirometric variables did not significantly
improve predictive equations.

restrictive disease), we reported the predominant ventila-
tory defect, based on a comprehensive evaluation by the
authors (ART and AA).

Vo, Deter mination

Subjects were told to continue taking all medications
and only eat a light meal on the day of the test (> 2 h
before the test). All examinations were performed by ex-
perienced respiratory therapists. No sedatives were given.
Room temperature was maintained at 70°F. After an ac-
climatization phase, we measured V02 over a period of
5 min at rest in sitting position. V02 was determined using
the Ultima CardiO, gas exchange analysis system (MGC
Diagnostics, Saint Paul, Minnesota), which is commer-
cially available and uses breath-by-breath testing method-
ology. All subjects breathed spontaneously using an ade-
quately sized 7450 series V2 face mask (Hans Rudolph,
Inc, Shawnee, Kansas) held in place by head gear. We
used a polycarbonate plastic adapter (Hans Rudolph, Inc)
to connect the preVent flow sensor (MGC Diagnostics) to
the mask. We performed flow and gas calibration before
each test. All pertinent information was uploaded to an
Excel database.

In the event the subject was on continuous O, therapy,
we provided supplementary O, with a F,, of 30%, using
a 30% O, tank and a 30 L nondiffusing gas bag made of
multilayer polyethylene thermoplastic laminate with a layer
of aluminum foil at the center (Hans Rudolph, Inc). Cor-
rugated tubing connected the 3-way stopcock attached to
the bag and the mouthpiece.

Formulae for Estimating Resting \'/o2

For the estimation of resting \Vo,, we used the formulae
by Bergstra et al® (Vo, [mL/min]) = 157.3 X BSA [m?] +
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Table 1. Formulae to Estimate Vo,
Age Group Condition Subjects (n) Sedation Vo, determination
Bergstra et al® Children and adults Subjects undergoing 250 Sedated Q (dye dilution) X a-v
(range 1-84 y) catheterization O, content
Dehmer et al® Adults (range 21-75 y) Subjects undergoing 108 53% received sedation Q (dye dilution or
catheterization thermodilution) X a-v
O, content
Krovetz et alt° Children and adults Healthy subjects 75 Not available Different methods
(range 2 mo-20 y)
LaFarge et al't Children and adults CHD undergoing 879 Sedated Douglas bag collection.
(range 3-40 y) catheterization
Lindahl12 Children (1d to 7 y) Need for different 38 General anesthesia Douglas bag collection.
surgeries
Lundell et al3 Children and adults CHD undergoing 272 Sedated Flow-through technique
(range 3-36 y) catheterization
Wessel et alt4 Children and adults CHD undergoing 98 Sedated Flow-through technique

(range 15 d-17 y) catheterization

Vo, = oxygen consumption
Q = cardiac output
a-V = arterial-venous

CHD = congenital heart disease

gender [men = 10 or women = 0] — [10.5 X log, age] +
4.8), Dehmer et al° (Vo, [mL/min] = 125 [mL/min/m?] X
BSA [m? ]), Krovetz et al®© (Vo, [mL/min] = —35.6 +
1.39 X height [cm] + 0.84 X weight [kg]), LaFarge et al'!
(Vo, [mL/min] = 138.1 — [gender [men = 11.49 or women
= 17.04] X log, age] + [0.378 X heart rate] X BSA
[m?]), Lindahl2 (Vo, [mL/min] = 4 X weight [kg] +
35.8), Lundell et al3 (Vo, [mL/min] = 157.9 X BSA [m?]
+ 0.79 X heart rate — 61.8) for males or (Vo, [mL/min]
= 159 X BSA [m?] + 0.77 X heart rate — 61.6) for
females, and Wessel et al4 (Vo, [mL/min] = [144.8 X
BSA [m?]] + 5.6).

Statistical Analysis

Continuous data are presented as mean = SD or median
(interquartile range) where appropriate. Categorical data
are summarized as discrete values and percentages (n [%]).
The data were randomly separated into training and testing
cohorts at a ratio of 3:1. Although we randomly divided
these 2 groups, it was expected that some variables would
be statistically different between them, a fact that tests the
V02 predictive equations more rigorously. The training
data were used to build the linear regression model. Uni-
variate linear regression analyses were performed on all
predetermined independent variables and the outcome of
interest, that is, resting V02 (mL/min). We performed cor-
relation analysis of the predictors to avoid multicollinear-
ity in multivariate regression models. The algorithm by
Kuhnts was applied to find the minimal set of predictors,
and we excluded variables that were highly correlated (cor-
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relation value > 0.8). The remaining predictors whose
P values were < .10 in the univariate linear regression
analyses were used for building the multivariate linear
regression models. Stepwise variable selection procedure
using Akaike information criteriont® was applied to iden-
tify the final multivariate models. Nonlinearity and inter-
actions were explored in the model building process.

We built 3 multivariate models from the training data-
set, as different sets of variables may be available to health-
care providers. The 3 models as well as 7 previous models
in the literature were assessed in the testing (validation)
dataset. The concordance correlation coefficients (CCC)
between estimated and measured V02 determinationst”
were calculated to evaluate the performance among all
models. CCC is a standardized coefficient that contains a
measurement of precision (Pearson correlation coefficient)
and accuracy (bias correction factor). It ranges between —1
and 1 (1 represents perfect agreement). We calculated the
coefficient of variation (100 X SD/mean) as well as the
median and interquartile range of the absolute and per-
centage (absolute difference X 100/measured Vo,) dif-
ference between the measured and estimated resting Vo,.
Bland-Altman methodology?® was used to plot the per-
centage difference between measured and estimated Vo,
against the measured Vo, (accepted standard).1® The mean
difference and 95% limit of agreement are reported when
appropriate.’8 All P values are 2-tailed, and a value of
< .05 was considered significant. SPSS 20 (SPSS, Chi-
cago, Illinois), MedCalc (Ostend, Belgium), and R studio
software were employed for the analyses (R Project, Vi-
enna, Austria).
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Results

Overall Characteristics of the Study Population

We included 450 subjects, of whom 336 subjects formed
part of the training cohort (used to build the lineal regres-
sion models) and 114 of the validation group (used to test
the proposed and available formulae to estimate VVo,). Char-
acteristics of the training and validation cohort are pre-
sented in Table 2.

Building a Model to Predict Vo,

We determined the measured Vo, and Vo,/kg for a
large number of variables of interest (Table 3). On occa-
sion, only V02 or Vozlkg were significant between groups;
however, we only focused in predicting the measured ab-
solute V02 rather than Vozlkg, because performing regres-
sion analysis on indexed values that are then transformed
to absolute values can lead to errors due to regression to
the mean.8

We identified several predictors that had a P value < .10
on univariate linear regression analysis (gender, height,
weight, BSA, smoking status, heart rate, breathing fre-
quency, Fo,, hemoglobin concentration, O, content, lactic
acid concentration, FVC, FEV,, FEV,/FVC, maximum vol-
untary ventilation [MVV], severity of obstructive or re-
strictive lung disease, and minute ventilation).

After correlation analyses, we removed arterial oxygen
content, FEV, % of predicted, FVC percentage of pre-
dicted, and measured MVV. We kept BSA instead of height
and/or weight, because BSA was preferentially selected by
our models.

Our initial model (model 1) to estimate resting V02 used
all the variables with the exception of minute ventilation,
as this determination requires especial equipment. After
stepwise selection, we obtained the following equation
(Vo, = —184.99 + 189.64 X BSA [m?] + 1.49 X heart
rate [beats/min] + 51.51 X Fio [21% = 0; 30% = 1] +
30.62 X gender [male = 1; female = 0]). The R? for this
model was 0.5 (adjusted R%: 0.49); therefore, this combi-
nation of predictive variables explained half of the vari-
ance of Voz. Multivariate adaptive regression splines made
the model more complex by creating splines with 2 knots
for heart rate and BSA without improving the R?.

Given that the criteria for using an Fo of 30% may
vary among institutions, we developed a model (model 2)
without this variable. In this case, the equation that best
estimated resting V02 (model 2) was: —208.06 + 188.67 X
BSA (m?), 1.38 X heart rate (beats/min) + 35.6 X
gender (male = 1; female = 0] + 2.06 X breathing
frequency (breaths/min). The R? for this equation was 0.49
(adjusted R%: 0.48).
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Table 2. Characteristics of the Testing and Validation Cohorts
Characteristics Vgg:%t:?n E%Sr:g]r% P

Subjects (n) 336 114
Age (y) 52 + 17 52 + 18 78
Height (cm) 170 = 10 168 + 10 12
Weight (kg) 83 x 22 81 x21 28
BSA (m?) 193 +0.3 1.90 = 0.3 .18
Female gender (%) 167 (50) 71 (62) .02
White race (%) 299 (89) 103 (90) .86
Smoking status (current) 32 (10) 10 (9) .90
Reasons for testing

Unexplained dyspnea 217 (65) 75 (66) .66

Preoperative 90 (27) 31(27)

Asthma/VCD 8(2) 4(3)

Other 21 (6) 4(3)
Spirometry

Normal 193 (60) 61 (57) .70

Obstructive 79 (25) 31 (29)

Restrictive 49 (15) 16 (15)
Severity of obstructive

lung disease

Mild 14 (18) 7(23) 37

Moderate 32 (41) 7(23)

Severe 21 (27) 11 (36)

Very severe 12 (15) 6 (19)
Heart rate (beats/min) 83 * 16 82 =15 .57
Breathing frequency 17+5 17+5 .78

(breaths/min)
LVEF (%) 61+9 61+ 6 89
RVSP (mm Hg) 29 11 30+ 11 73
TSH (mU/L) 23+14 2622 .39
pH 7.42 +0.02 743 £0.04 22
P.co, (Mm Hg) 37943 36.9 = 4.9 .06
P.o, (MM Hg) 87.9 = 11.0 89.7 = 13.1 20
Lactic acid (mmol/L) 1.1+06 1.1+0.7 .89
Hemoglobin (g/dL) 13821 13.7 238 .83
Fio, (%) 217 +24 21.9+28 36
FVC (L/min) 35+12 34+11 4
FVC (% of predicted) 85+ 18 87 =19 49
FEV, (L/min) 26+11 25+1.0 45
FEV, (% of predicted) 80 = 23 81+ 25 a7
FEV,/FVC 0.74 £0.15 0.73 £0.17 .65
MVV (L/min) 107 = 47 106 + 44 .81
Minute ventilation (L) 123 +35 116 = 3.1 .06
Vo, 326 + 91 307 + 84 .04
Vo,/kg 40 = 1.0 39x1 24

Data for cohorts are given as means *+ SD or n (%). P values were determined by t test or chi
square.

BSA = body surface area

VCD = vocal cord dysfunction

LVEF = left ventricular ejection fraction

RVSP = right ventricular systolic pressure

TSH = thyroid-stimulating hormone

MVV = maximum voluntary ventilation

Vo, = oxygen consumption
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Table 3. Vo, and Vo,/kg Measured in Different Subgroups of Interest

Variables Vo, P Vo,/kg P

Age (y)
<56 322 + 89 .81 41+09 .04
=56 320 =90 39+11

Gender
Female 284 =72 <.001 39+1 .03
Male 363 + 89 41+1

Race
Caucasian 322 = 87 .10 40+1 <.001
African American 294 + 82 34+08

BSA (m?)
<19 274 + 69 <.001 42+1 < .001
=19 364 + 85 3.8+08

Smoking status
Current 291 = 82 .021 41=+1 .56
Ex-smoker 332 £ 92 39=*x11
Never 318 = 88 40=*9

Heart rate (beats/min)
<81 308 + 81 .002 3.8+0.8 < .001
=81 334 + 96 41+11

Breathing frequency (breaths/min)
<17 312+ 79 .03 39*09 17
=17 331 =98 40+11

Hemoglobin (g/dL)
<14 296 * 82 <.001 37*08 .02
=14 343 + 85 3.9+09

Lactic acid
<09 300 + 70 .001 3.8*+08 .36
=09 335 + 96 3.8+0.8

Spirometry
Normal 318 =81 A7 3.9+09 < .001
Obstructive 328 = 111 43+13
Restrictive 330 £81 39=*08

Severity of obstructive lung disease
Mild 344 + 130 .003 42+09 .02
Moderate 286 = 100 41+13
Severe 330 £ 85 42=*+12
Very severe 399 *+ 117 52*15

FVC (% of predicted)
< 86 329 + 90 .07 39=+1 .35
=86 313 + 89 40+1

FEV, (% of predicted)
<84 326 = 91 41 40=*+11 41
=84 317 =89 3.9+09

MVV (L/min)
< 105 305 + 88 <.001 40=*+11 72
= 105 337 =88 40+0.8

Minute ventilation (L)
<115 271 =58 <.001 3.7+09 <.001
=115 371+ 87 42+11

Fio, (%)
-21 315 + 86 <.001 39+09 <.001
-30 387 + 100 40+13

P.o, (mm Hg)*
<88 320 * 90 0.68 3.7+08 <.001
=88 316 + 81 40+09

Paco, (Mm Hg)*
<38 320 + 87 0.62 38+08 81
=38 316 + 85 3.8+0.9

Data for cohorts are given as means = SD or n (%).Continuous variables were dichotomized at the median value. P values were determined by t test or ANOVA.
* On room air.

ANOVA = analysis of variance

BSA = body surface area

MVV = maximum voluntary ventilation
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Table 4. Comparison of Different Models That Predict Vo, (Validation Cohort)

wod | coc o ol Aol Pooogs Pt of s
Model 1 0.71 0.62-0.79 12.9 —16 (—43t0 19) —6(~15106) 16
Model 2 0.65 0.54-0.74 145 —18 (~46 t0 18) —6(~171t05) 16
Model 3 0.72 0.63-0.80 13.2 —8(—391t0 18) ~3(~131t06) 18
Bergstra et al® 0.45 0.35-0.55 18.7 25 (1.6 to 75) 8 (1to21) 22
Dehmer et al® 0.28 0.20-0.35 25.1 57 (25 to 108) 19 (10 to 30) 41
Krovetz et al10 0.32 0.25-0.40 19.7 27 (310 72) 9(-1t021) 23
LaFarge et al'! 0.27 0.20-0.35 30.8 77 (50 to 124) 28 (19 to 35) 67
Lindahl:2 0.50 0.37-0.60 19.6 —60 (—94 to 16) ~19(~36105) 54
Lundell et als 053 0.43-0.62 14.9 —14 (3410 32) —4(—151t0 11) 16
Wessel et al'4 0.45 0.35-0.54 17.1 12 (—17 to 64) 4(~71017) 18

Differences are given as median with interquartile range in parentheses.
CCC = concordance correlation coefficient

An alternative model was constructed using minute
ventilation, a value obtained from the breath-to-breath
analysis system (model 3). In this case, resting Vo,
= —142.92 + 0.52 X heart rate (beats/min) + 126.84 X
BSA (m?) + 14.68 X minute ventilation (L). The R? for
this model was 0.68 (adjusted R?: 0.68).

Comparison of the New Models to Predict Vo, with
Established Ones

In the validation cohort, we compared our 3 models
with 7 other available formulae that estimate resting Vo,
(Table 4). We used the CCC, coefficient of variation, ab-
solute and percentage difference, as well as Bland-Altman
analysis. The CCCs of our 3 models (particularly models
1 and 3) were higher than others. The coefficients of vari-
ation as wells as the percentage differences between mea-
sured and estimated Vo, were lower for our models as
well as the formulae by Bergstra et al,® Lundell et al,*3 and
Wessel et al*4 Bland-Altman analyses for model 1 and the
formulae by Bergstra et al,® Lundell et al,*3 and Wessel
et al*4 are presented in Figure 1. All plots showed a pro-
portional difference, because they tend to overestimate
lower Vo, values and underestimate higher Vo, determi-
nations.

Characteristics of the Subjects Who Had > 25%
Difference Between Estimated (Model 1) and
Measured Vo,

Subjects who had = 25% difference between the mea-
sured and estimated resting Vo, (model 1) were older
(63 = 15vs 50 = 18y, P = .004) and had shorter stature
(163 = 10 vs 169 = 10 cm, P = .02), lower measured
MVV (82 = 40 vs 110 = 44 L, P = .02), and higher heart

6

rate (91 + 17 vs 81 *+ 14 beats/min, P = .07) than those
with a small difference. No arterial blood gas or spiromet-
ric differences were noted between these groups. The ad-
dition of age or log,(age), height, or MVV to our models
did not improve the R?.

Discussion

In the present study, we noted a poor accuracy between
the measured and estimated V02 in subjects with respira-
tory symptoms. Hence, we assessed the impact of a variety
of factors on the measured Vo, and developed 3 models
that included a selection of respiratory parameters (F,q,
breathing frequency, or minute ventilation) that unexpect-
edly did not incorporate arterial blood gas or spirometric
determinations. Even though our models performed better
than other formulae in predicting V02 in this particular
population, the limits of agreement were wide, particularly
in older individuals with shorter stature, higher heart rate,
and lower MVV.

Oxygen consumption is an essential measurement for
the calculation of cardiac output by the accepted standard,
Fick methodology; however, in the cardiac catheterization
laboratories, Vo, is commonly estimated instead of mea-
sured, given that it is time-consuming and requires espe-
cial equipment (ie, breath-by-breath metabolic cart analy-
sis) and expertise. As a result, in clinical practice, V02 is
often estimated by a variety of equations that generally use
a combination of variables such as BSA, age, gender, and
heart rate.8.9.11

Several investigators have noted poor agreement be-
tween measured and estimated Vo, in different groups of
adult patients.1220-24 |n large part, this is due to marked
differences between the population in which the formulae
were derived and the characteristics of the cohort studied.
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Fig. 1. Bland-Altman analyses between measured Vo, and the percentage difference between measured and estimated Vo,. A: Proposed
model 1 (mean difference: —5.7%, limit of agreement: —40.4 +29.1%). B: Bergstra et al® (mean difference: 9.7%, limit of agreement:
—22 +41.3%). C: Lundell et al'® (mean difference: —3.3%, limit of agreement: —41.3 +34.7%). D: Wessel et al'* (mean difference: 4.4%,
limit of agreement: —31.2 +40%). Solid horizontal lines indicate the mean; dashed horizontal lines indicate = 1.96 SD.

In fact, many factors can affect the measured Vo, includ-
ing age,8!1 gender,8.11.13.23.25 BSA 8.11.13,23.25 fat-free mass,
heart rate,1113.25 degree of sedation,®1425 temperature (of
the patient and environment),25 time of day, prior food
intake, level of activity,25 and position.®

Although several parameters were associated with rest-
ing Vo, in multivariate models, only BSA, gender, heart
rate, breathing frequency, need for supplementary O,, and
minute ventilation were significant predictors. Because Vo,
directly depends on the body size of a person, BSA is the
most commonly used variable in available equations. In
fact, BSA was used in all but two'%12 of the tested for-
mulae for resting Vo, estimation. The formulae proposed
by Krovetz et al'© uses height and weight and the equation
by Lindahl*2 only weight. In our study, BSA area was
selected for our models instead of height and/or weight.

Men have a higher Vo, than women, given the higher
fat-free mass. Therefore, gender was selected in three811.13

REsSPIRATORY CAREe @ @ VoL @ No @

out of the 7 formulae tested. Similarly, heart rate, an in-
dicator of stress that changes in relation to the metabolic
rate, was used in 2 out of the 7 equations. Breathing fre-
quency, need for supplementary O,, and minute ventila-
tion were not included in prior equations that estimate
resting Vo, likely because these parameters are more ap-
plicable to our particular group of subjects with respiratory
symptoms. It is important to consider that, immediately
before cardiopulmonary exercise testing or cardiac cathe-
terization, patients are not in a strictly basal state as they
may be anxious, a condition that may lead to an increase
in minute ventilation, heart rate, and Vo,.2

Age, as log,(age), was used in twos1l formulae, ob-
tained in cohorts that included children and adults. In the
present study, we also noted that age was indirectly asso-
ciated with Vo,/kg; however, age or log,(age) was not
selected in any of our 3 multivariate models that predict
Vo,. Furthermore, specific determinations of general value
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in pulmonary patients, that is, arterial blood gases or spi-
rometry, did not add prognostic value.

The 3 models presented in our study had wide limits of
agreement and were not able to explain more than 68% of
the V02 variance. In addition, adding parameters obtained
from arterial blood gases and/or pulmonary function tests
did not improve the performance of the equations to pre-
dict Voz, a fact that negated our working hypothesis. This
could reflect that Fio, (model 1), breathing frequency
(model 2), and minute ventilation (model 3) are better and
probably more comprehensive estimates of V02 than other
more specific parameters obtained from spirometry or ar-
terial blood gases.

In general, the formulae that estimate Vo, are associated
with systematic error as they tend to underestimate the
higher Vo, values and overestimate the lower determina-
tions. This is relevant because differences between the
measured and estimated V02 of = 25% may result in large
errors in the determination of Q and calculation of depen-
dent variables. In our study, we observed that the esti-
mated Vo, was mostly inaccurate in older individuals with
shorter stature, higher heart rate, and lower MVV. The
reasons for the greater discrepancies between measured
and estimated V02 in this group of subjects remain un-
clear. A potential explanation include a nonlinear relation-
ship between V02 and age, height, MVV, or heart rate. It
is possible that, due to the limited number of subjects at
the end of these spectra, our model was not sensitive enough
to detect this nonlinear association. Future studies testing
particular subgroups of subjects may be of value to refine
our equations.

The V02 variance not captured in our study might be
explained by variables that we did not measure, such as
fat-free mass, core temperature, and general level of ac-
tivity. It is also likely that there are unknown factors that
might be responsible for the Vo, variation. Given that Vo,
varies greatly and estimations are still generally inaccu-
rate, we support the direct measurement of Vo, instead of
its estimation. It is also important to point out that V02
varies in patients with sepsis,26.27 hypovolemia,28 pulmo-
nary hypertension,2° congestive heart failure,3° or COPD,3!
both at baseline and with treatment.32 Thus, current for-
mulae are likely inaccurate in these groups of patients.

Our study has limitations: (1) the results are only ap-
plicable to nonsedated patients at rest in a sitting position
with respiratory symptoms and/or conditions, (2) body tem-
perature and fat-free mass were not measured at the time
of V02 determination, and (3) we cannot exclude potential
bias due to the retrospective nature of our study; however,
cardiopulmonary exercise studies were performed by a
few experienced respiratory therapists under similar con-
ditions and following a prespecified protocol. Notwith-
standing these limitations, our study emphasizes the lack
of accuracy of formulae to predict V02 and is the first to
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generate different models to estimate resting V02 in sub-
jects with respiratory symptoms or conditions, and to com-
pare them with available formulae.

Conclusions

We developed more accurate formulae to predict oxy-
gen consumption in the group of subjects who underwent
cardiopulmonary exercise testing for respiratory symptoms
and/or conditions. Arterial blood gases and spirometric
variables did not significantly improve the predictive equa-
tions.
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