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Heart rate as an estimator of oxygen
consumption during manual postal delivery
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Nine young healthy postmen performed three progressive maximal exercise tests (on
a bicycle ergometer and with and without a 10-kg shoulder bag on a treadmill) for
which the least-squares regression equations of heart rate (HR) on oxygen consumption
(VOg2) were established. HR and VOg were then measured during five modes of simu-
lated postal delivery: on level ground by foot (F), bicycle (B), and push-cart (C) and
on stairs by foot (S/F) and push-cart (S/C). The respective work HR values were
inserted into the three regression equations established for HR/VOg, and VO2 was solved
for. The estimated VOg values tended to be systematically higher than the measured
ones. The best regression proved to be that established for the treadmill plus mail-
bag; the regression coefficients between the measured and estimated VOss were higher
than 0.75, and the percentage differences between the means of the measured and
estimated values were no more than 10 % for F and B delivery. All the regressions
yielded inaccurate estimations of VOz2 for C, S/F and S/C delivery. It was concluded
that HR is acceptable as an estimator of VO2 only when the test work closely resembles

the muscle work in the job.
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The direct means available for measuring
oxygen consumption (VO,) under field
conditions are rather cumbersome. Thus
many attempts have been made to develop
methods for estimating energy consump-
tion. Heart rate is one attractive measure
for this estimation because of its linear
dependability on VO,, within limits, dur-
ing certain types of muscular work. In-
deed, heart rate has been used as the basis
for estimating both the daily energy ex-
penditure (5, 6, 12, 15) and VO, of specified
work such as coastal fishing (3, 13), house-
keeping activities (2), building construction
work (1), surgical operations (10), and
postal delivery (11).

Fordham et al (7) compared the mea-
sured and predicted VO, in light industrial
work and found the “prediction... little
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better than a lottery [p 290].” The correla-
tion coefficients between the measured and
predicted values were no better than 0.55
for any of the seven types of muscle work
performed in the laboratory tests. There
is, however, reason to believe that the cor-
relation is better during heavier dynamic
work. This paper reports an experiment
in which we examined the validity of
heart rate as an estimator of VO, in man-
ual postal delivery, which in Finland is
known to demand typically a VO, of more
than 1.0 1/min (11).

Material and methods

Nine apparently healthy active postmen
volunteered as subjects. They were all be-
tween the ages of 30 and 40 a. Some
anthropometric characteristics of the sub-
jects are given in table 1. After being
medically screened, they performed, on
separate occasions with a minimum inter-
val of one week, first a submaximal bi-
cycle ergometer test and then three
progressive maximal exercise tests, one on
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Table 1. Characteristics of the subjects (N = 9).

Mean SD
Age (a) 34.3 4.4
Height (cm) 175.7 5.9
Weight (kg) 724 106
Maximal oxygen consumption 2
(//min) 3.29 0.49
Maximal oxygen consumption a
(ml/min - kg) 458 4.8
Maximal heart rate a
(beats/min) 188.4 6.9

a Based on the highest individual values ob-
served in any one of the three maximal tests.

a treadmill without an extra load, another
on a treadmill with a 10-kg mail bag, and
the third on a bicycle ergometer.

The discontinuous bicycle ergometer test
consisted of two 6-min submaximal work
loads, with a 3-min rest in between, and
a maximal load with an increasing ped-
aling rate, 2 min at 50 r/min, 1 min at
70 r/min, and 30 s at 100 or maximal
r/min.

Both treadmill tests started with a 5-min
warm-up on a 5 % grade at 5 km/h. After
the warm-up the grade was increased by
2.5 % every 2 min up to 20 %, while the
speed was kept the same, and thereafter
the speed was increased by 0.5 km/h every
2 min. All tests were continued until the
subject’s subjective maximum was reached,
unless signs or symptoms of excessive
physiological strain caused the test to be
discontinued earlier. On the treadmill
most subjects reached their maximum at
a walking speed. A few were able to
proceed to a walk-jog pace.

A four-lead electrocardiogram (ECG)
was monitored on an oscilloscope through-
out the tests, and a paper recording was
obtained during the last 15 s of each min-
ute for heart rate measurement. Expired
air was collected through a Tripple-J
breathing valve in Douglas bags for 1 to
2 min at the end of the two submaximal
bicycle work loads. On the treadmill $wo
to three gas collections were made at
selected submaximal work levels during
which the work continued for 3 to 4 min.
During the last 1.5 to 2 min of the tread-
mill tests two consecutive air samples
were obtained with a grade or speed in-
crement in between, whenever possible.
In the maximal bicycle work separate gas
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samples were taken for the 1 min at
70 r/min work and for the last 30-s effort.
For the calculation of VO, the volume of
expired air was measured with a dry gas
meter, oxygen was analyzed paramagnet-
ically (Taylor Servomex OA 150), and
carbon dioxide was analyzed with an in-
frared CO, analyzer (Datex CD 101). The
highest obtained VO, value during the
maximal work in each test was chosen to
represent the individual’'s maximal VO,.

Two individual least-squares regression
equations of heart rate on VO, were
established for each test, one with the
submaximal values only and the other
with the maximal values included. When
the VO,/HR observation pairs were es-
tablished, the mean of the two heart rates,
one in the beginning of the gas collection
and the other at the end of it, was utilized.

Field tests were conducted on two stand-
ard routes designed to simulate actual
postal delivery. One route consisted of
four mailboxes on a relatively level side-
walk totaling 273 m in one direction. The
other route went through an apartment
building that consisted of three staircases
with four floors each. A mock mailbox was
placed on each floor. Three modes of
delivery were used on the level route: on
foot with a shoulder bag (referred to
hereafter as on-foot delivery), on foot
with a three-wheel push-cart, and by
bicycle with the mail bag in a rack on the
front of the bicycle. On the stair route
only on-foot and cart delivery were used.
With the latter the cart was left outside
the building in front of the staircase, and
only the mail for that part of the building
was carried.

Each delivery mode was performed four
times, twice successively at the standard
pace assessed by the postal authorities
and twice successively at a free pace.
During the delivery the subjects dropped
three pieces of mail on the stair route and
two pieces elsewhere each time they
passed a mail box. Each delivery mode
lasted 6 to 11 min, depending on the mode
and pace. The order of the delivery modes
was randomized.

During the simulated delivery heart
rate was measured telemetrically. A bi-
polar ECG signal was obtained with a
portable heart rate meter (Medinik IC-600)
and stored by a car-mounted tape re-



corder (Uher CR 210). The data were pro-
cessed automatically for the mean heart
rate per minute for each successive 15-s
period. The mean of these 15-s heart rate
values for each delivery bout was chosen
to represent the work heart rate for that
delivery.

Expired air was collected with a Kofra-
nyi-Michaelis gas meter for the whole de-
livery time and analyzed for oxygen (Tay-
lor Servomex OA 150) and for carbon
dioxide (Datex CD-101). Since there were
no systematic differences between the
mean heart rates {over the entire delivery
period) and the VO,s of the two successive
deliveries for each delivery mode, the
mean of the two values was used to repre-
sent the heart rate and VO, of that par-
ticular delivery mode.

In the estimation of VO, for each de-
livery mode, the representative work heart
rates were inserted into the regression

equations calculated for heart rate on
VO, in the laboratory tests. Thus three
estimates of VO, were derived for the five
delivery modes, on foot, by bicycle, and
with ecart on the level route and on foot
and with cart on the stair route, each per-
formed at a standard and free pace. The
accuracy of the predicted VO, was eval-
uated primarily by regression analysis of
the predicted values on the measured ones.

Results

Fig 1 presents the comparison of the
measured and predicted VO, in milliliters
per kilogram of body weight (ml/kg * min)
for the five delivery modes. The slopes,
intercepts, and correlation coefficients of
the corresponding least-squares regression
equations and the means of the measured
and predicted values are given in table 2.
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Fig 1. Comparison of the measured and predicted oxygen consumption values in milliliters per
kilogram of body weight (ml/kg - min) for the five modes of simulated postal delivery (A = on level
ground by foot, B = on level ground by bicycle, C = on level ground by push-cart, D = on stairs
by foot, E = on stairs by push-cart). Circles stand for the treadmill regression, squares for the tread-
mill-with-bag regression, and triangles for the bicycle ergometer regression. The regression lines
of the predicted values on the measured ones are drawn as a solid line, a broken line and a
dash-dot line, respectively. Points marked by open symbols were obtained during the standard
pace delivery and those by closed symbols during the free pace delivery.
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Both the free and standard pace values
for each delivery mode have been included
in the calculations of the regression lines.

The correlation coefficients were rel-
atively high for all three regressions of
on-foot and bicycle delivery; they were
nearly as high for the stairs/on-foot de-
livery, but far too low for any predictive
purposes for cart delivery of both kinds.

All regressions tended to overestimate VO,
— the bicycle regression systematically
the most and the treadmill-with-bag re-
gression the least.

The best single regression proved to be
that established for treadmill work with
the mail bag. Correlation coefficients of
0.86 and 0.84 and percentage deviations of
10 and — 2 for on-foot and bicycle deliv-

Table 2. Intercepts (a), slopes (b}, correlation coefficients (r), the means of Y and X, and the per-
centage differences of Y from X of the regression lines of the predicted oxygen consumption (VOz)
on the measured VO: in milliliters per kilogram of body weight when the prediction was based on

a maximal exercise test.

Delivery mode Type of test 2 a r Y X Diffg);?)nce
On-foot ™ 2.38 1.09 0.87 19.9 16.0 24
TMB —1.74 1.20 0.86 17.8 16.2 10
B 10.87 0.89 0.88 25.0 15.9 57
Bicycle ™ 517 0.81 0.76 236 228 4
TMB 3.46 0.80 0.84 18.8 19.2 —2
B 9.12 0.82 0.88 259 204 27
Cart ™ 10.63 0.40 0.26 16.7 15.2 10
TMB 12.31 0.13 0.00 14.2 15.3 —7
B 17.16 0.33 0.40 220 144 53
Stairs/on-foot ™ 17.61 0.40 0.63 26.1 21.6 21
TMB 9.95 0.66 0.74 22.3 18.7 19
B 13.20 0.74 0.86 294 21.9 34
Stairs/cart ™ 12.29 0.51 047 228 20.7 10
TMB 12.06 0.45 0.36 20.3 18.4 10
B 15.93 0.59 0.63 273 194 4

a TM = treadmill without bag, TMB = treadmill with bag, B = bicycle ergometer.

Table 3. Intercepts (a), slopes (b), correlation coefficients (r), the means of Y and X, and the per-
centage difference of Y from X of the regression lines of the predicted oxygen consumption (VOg)
on the measured VOz in liters per minute when the prediction was based on a maximal exercise

test.

. Difference
Delivery mode Type of test @ a r Y X (%/o)
On-foot ™ —0.11 1.40 0.83 1.41 1.09 29

TMB —0.27 1.33 0.90 1.26 1.15 10

B 0.80 0.89 0.80 1.84 117 57

Bicycle ™ —0.12 1.16 0.80 1.73 1.60 8
TMB 0.34 0.73 0.76 1.33 1.37 —3

B 0.84 0.70 0.80 1.87 1.48 26

Cart ™ —0.24 1.35 0.52 1.20 1.06 13
TMB —0.18 1.19 0.33 1.13 1.10 3

B 1.02 0.59 0.31 1.63 1.05 55

Stairs/on-foot ™ 1.32 0.39 0.53 1.89 1.48 28
TMB 1.10 0.43 0.34 1.67 1.33 26

B 1.08 0.67 0.81 215 1.60 39

Stairs/with cart ™ 0.94 0.50 0.44 1.66 1.43 16
TMB 0.86 0.45 0.32 147 1.32 11

B 0.98 0.72 0.67 2.01 1.43 41

a2 TM = treadmill without bag, TMB = treadmill with bag, B = bicycle ergometer.
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ery, réspectively, can be considered satis-
factory for practical purposes. For stairs/
on-foot delivery the correlation coefficient
was somewhat lower (0.74), the overesti-

mate being about 20 %b.

In table 3 and fig 2 the VO, results are
given in liters per minute. In comparison

the

percentage

deviations

to the weight-related VO, the general im-
pression is similar; yet the correlation
coefficients tended to be slightly lower,

somewhat

larger, and the slopes steeper.

3.0

Table 4 summarizes the results of the
correlation analysis between the measured
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Fig 2. Comparison of the
measured and predicted oxy-
gen consumption values in
liters per minute for the five

delivery modes. Symbols as
in fig 1.

Table 4. Intercepts (a), slopes (b), correlation coefficients (r), the means of Y and X, and the per-
centage differences of Y from X of the regression lines of the predicted oxygen consumption (VOg)
on the measured VOg in milliliters per kilogram of body weight when the prediction was based on
a submaximal exercise test.

Delivery mode Type of test 2 a b r Y X Diff(eo;oe)nce
On-foot ™ 5.22 0.96 0.92 20.6 16.0 29
TMB 482 0.88 0.91 19.1 16.2 18
B 11.27 0.92 0.79 25.3 15.2 66
Bicycle ™ 8.03 0.70 0.79 24.0 22.8 5
TMB 8.48 0.61 0.87 20.2 19.2 5
B 12.47 0.68 0.75 26.9 21.3 23
Cart ™ 9.89 0.50 0.44 175 15.2 15
T™MB 14.36 0.16 0.10 16.9 15.3 10
B 16.86 0.42 0.33 23.0 146 58
Stairs/on-foot ™ 18.54 0.36 0.62 26.3 216 22
TMB 13.65 0.51 0.75 23.2 187 24
B 14.12 0.69 0.81 30.1 23.2 30
Stairs/with cart ™ 12.80 0.50 0.50 232 20.7 12
TMB 15.63 0.33 0.37 21.8 184 18
B 20.64 0.38 0.36 28.2 20.0 41
a TM = treadmill without bag, TMB = treadmill with bag, B = bicycle ergometer.
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and predicted values when the individual
heart rate/VO, regression lines were cal-
culated without the maximal wvalues, ie,
with two to three submaximal points of
the heart rate/VO, relationship. The cor-
relation coefficients were comparable or
even slightly better than those based on
the maximal tests. On the other hand, the
extent of overestimation of the predicted
values, which is seen in these results too,
is somewhat larger with the submaximal
prediction.

When the slope (b) and correlation
coefficient (r) of the regression line and
the percentage deviation of the predicted
VO, were considered, the best predictive
regression was that of the treadmill-with-
bag. The respective values were 0.88, 0.91
and 18 %o for the on-foot delivery, and
0.61, 0.87 and 5 %o for the bicycle delivery.
The prediction was poorer for stair/on-
foot delivery and even more inaccurate for
cart delivery.

Discussion

It is well known that for a given VO, the
heart rate is higher in static than in
dynamic work (9) and higher in work with
small muscle mass than in that with large
muscle mass (14). This phenomenon would
lead to an error in the estimation of VO,
from the heart rate/VO, relationship
whenever the test work and the actual
work differ with respect to the type of
contraction and the muscle groups in-
volved. Additional variation in this rela-
tionship may be caused by, among other
things, ambient temperature, stage of
digestion, and psychological factors. This
interrelationship seems to be so delicate
that, in light industrial work requiring a
gross VO, of only 0.4 to 1.0 1/min, the pre-
diction is reasonably satisfactory only
when the calibration regression is esta-
blished in actual work and in an actual
work environment (7).

The prediction of VO, from the work
heart rate appears to be somewhat better
for household activities which require a
VO, of 0.6 to 0.9 1/min, and for typical tasks
of coastal fishing with a VO, of more than
1.0 I/min. A recalculation of Astrand’s
original data for the former type of work
(2) yields a correlation coefficient of 0.62
between the measured and estimated va-
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lues, and a mean overestimate of 16 %o. In
coastal fishing, on the other hand, Rodahl
et al (13) reported the estimated VOs to
be within * 15 % of the measured values
with no systematic error. In both studies
heart rate/VO, regressions were esta-
blished for bicycle ergometer work.

The present experiment was conducted
for manual postal delivery, which is the
predominant delivery mode in wurban
districts in Finland. The mail is carried
primarily on foot or by bicycle. A three-
wheel push-cart is presently being intro-
duced as a new delivery technique. In
general, the delivery work can be charac-
terized primarily as dynamic leg work
with a varying degree of upper trunk
static effort, mainly due to the holding of
the mail in a shoulder bag, which is
carried continuously in on-foot delivery
and intermittently in bicycle and cart
delivery.

In our study the prediction of VO,
proved to be very inaccurate for cart
delivery, a result suggesting that the heart
rate/VO, relationship established in bi-
cycle ergometer and treadmill work may
be distorted by the pushing and handling
of the cart. However it must be pointed
out that the range of VO, values in cart
delivery is narrower than in the other
delivery modes, and thus the results are
not fully comparable. The prediction was
more accurate for on-foot and bicycle
delivery, but even then only the regression
for the treadmill work with the mail bag
can be considered reasonably accurate for
predictive purposes. The correlation
coefficients were fairly high, and as such
acceptable, with the bicycle and treadmill-
without-bag regressions too, but the nota-
ble, and in some cases gross, overestima-
tion makes their use as predictors of VO,
questionable.

Two potential factors may have led to
the systematic overestimation of VO, in
the present experiment, temperature
differences between the laboratory and the
field conditions and/or larger static effort
in the actual work than in the laboratory
work. The outdoor temperature during the
field tests, which were done in October
and November, varied between 1 and
15°C, while the laboratory tests were per-
formed at a normal room temperature.

Harjula (8) observed slightly, but non-



significantly, lower heart rates in properly
clothed, healthy men accustomed to cold
exposure when they did standard sub-
maximal work at 0°C than when they did
a corresponding amount of work at room
temperature. If a decrease in heart rate
is assumed for a given VO, in the present
field tests as compared to that of the
laboratory conditions, the heart rate (y-
axis)/VO,(x-axis)regression would shift to
the right for the field tests. This change
would result in an underestimation of the
VO, based on the laboratory regression.
Therefore the observed systematic over-
estimation cannot be due to the tempera-
ture effect, which in fact should lead to
underestimation.

In the simulated mail carrying the fre-
quent drops of mail in the boxes may have
introduced an extra static component into
the work. An obvious static effort was
involved in the cart pushing. In addition,
the weight (3.5 kg) of the gas meter was
an added burden even though the total
weight carried gradually decreased during
the course of the delivery, as the mail was
dropped.

According to Borghols et al (4) each kilo-
gram of extra weight increases heart rate
during walking by 1.1 beats/min. There-
fore the combined effect of the assumed
extra static effort and weight carrying in
the field tests, in comparison to the labo-
ratory tests, is likely to have led to the
leftward shift of the heart rate/VO, re-
gression and to the subsequent systematic
overestimation of VO,. It can be calculated
that in on-foot delivery a mean increase
of 5 beats/min in the work heart rate
would account for a 10 °o overestimation
of VOg.

In summary, we found that estimating
VO, during on-foot, bicycle, and cart deli-
very from individual heart rate/VO, re-
gressions established for bicycle and tread-
mill work with and without a mailbag
yielded values that were almost invariably
too high. Estimation was reasonably accu-
rate for on-foot delivery, with a mean
overestimate of 10 %, and for bicycle de-
livery, when the treadmill-with-bag re-
gression was used. The prediction of VO,
with the bicycle and treadmill regressions
for all delivery modes and all regressions
for cart delivery gave too large a scatter
of the predicted points around the ideal

line and/or an unacceptably large system-
atic error.

The present results lead us to conclude
that heart rate is conditionally acceptable
as an estimator of VO,. Even in appar-
ently “pure” and rather heavy dynamic
work such as manual postal delivery the
prediction is reasonably good only when
the test work resembles the actual work
closely.
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