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ABSTRACT 

Several  i n v e s t i g a t o r s  have shown t h a t  t h e  physiological  cos t  

(defined a s  the  energy expenditure)  of a  gross dynamic.muscular work 

t a s k  i s  not  only a funct ion of t h e  work r a t e  (defined a s  t h e  e x t e r n a l  

work done by t h e  body) but  appears a l s o  t o  vary according t o  the  

p a r t i c u l a r  combination of speed and tension used t o  achieve t h a t  work 

rate. 

This study inves t iga ted  t h e  inf luence  of t h e  r a t e  of v e r t i c a l  

ascent  (and hence work r a t e  commensurate wi th  body weight) and t h e  

i n c l i n a t i o n  of s lope  on t h e  energy cos t ,  and hence e f f i c iency ,  of 

grade walking. Three r a t e s  of v e r t i c a l  ascent  w e r e  chosen (1300, 1800 

and 2300 f t l h r )  and four  grades were used t o  achieve each of these  

rates (12, 16, 20 and 24%). 

The energy cos t  was ca lcula ted  from r e s p i r a t o r y  gas measurements. 

Energy cos t  was ca lcu la ted  f o r  each of four  phases, namely, s tanding,  

h o r i z o n t a l  walking ( a t  the  same t readmi l l  speed a s  f o r  t h e  subsequent 

grade walking), grade walking and recovery. Three t r i a l s  ( r ep l i ca t ions )  

were made a t  each combination of r a t e  of v e r t i c a l  ascent  and grade t o  

ensure g r e a t e r  r e l i a b i l i t y  of the  data .  

Three measures of e f f i c i ency  were computed: ( i )  gross  e f f i c i ency ,  

( i i )  n e t  e f f i c i ency  ca lcula ted  using the  d i f fe rence  between the  energy 

cos t  of grade walking and standing (NES), ( i i i )  n e t  e f f i c i ency  ca lcula ted  

using t h e  d i f fe rence  between t h e  energy cos t  of gradewalking and hor izon ta l  
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walking a t  t h e  same t r eadmi l l  speed (NEH). Each of t h e s e  measures of 

e f f i c i e n c y  w a s  then submitted t o  a  t h r e e  f a c t o r  a n a l y s i s  of var iance  

( r a t e  of v e r t i c a l  a scen t ,  grade and t r i a l  r e p l i c a t i o n ) .  

The i n t e r a c t i o n  between r a t e  of v e r t i c a l  ascent  and grade was 

s i g n i f i c a n t  f o r  gross e f f i c i ency .  The two h ighes t  r a t e s  of ascent  

showed a  c l e a r  and s i g n i f i c a n t  t r end  i n  which t h e  e f f i c i e n c y  was 

l i n e a r l y  r e l a t e d  t o  t h e  r ec ip roca l  of t h e  grade f o r  the  range of grade 

used i n  t h e  s tudy.  Thus gross e f f i c i e n c y  increased hyperbo l i ca l ly  as 

t h e  grade increased.  A t  t h e  lowest r a t e  of v e r t i c a l  ascent  t h e  h ighes t  

e f f i c i e n c y  w a s  a t  t h e  16% grade wi th  no c l e a r l y  defined p a t t e r n  emerg- 

ing.  The main f a c t o r  r e p l i c a t i o n  (repeated t r i a l s )  was found t o  be  

s i g n i f i c a n t  b u t  t h i s  was due t o  t h e  accruing oxygen debt  from one t r i a l  

t o  t h e  next .  

The f a c t o r s  r a t e  of v e r t i c a l  ascent  and grade were s i g n i f i c a n t  

f o r  t h e  a n a l y s i s  of var iance  of t h e  n e t  e f f i c i e n c y  (NES). The 

inf luence  of grade was a s  f o r  gross e f f i c i ency ,  t h a t  i s ,  inc reas ing  

from 12% through 24%. The inf luence  of r a t e  of v e r t i c a l  ascent  was the  

r eve r se  of t h a t  f o r  gross e f f i c i e n c y ,  t h a t  i s ,  t h e  e f f i c i e n c y  decreased 

from t h e  lowest  r a t e  t o  the  h ighes t  r a t e .  This ind ica ted  t h a t  t h e  

lower gross e f f i c i e n c y  of t h e  lowest  r a t e  of ascent  was due t o  the  

d i sp ropor t iona te ly  l a r g e  cont r ibut ion  of s tanding metabolism t o  t h e  

t o t a l  energy c o s t  of grade walking. 

Only t h e  r a t e  of v e r t i c a l  ascent  was found t o  e x e r t  a  s i g n i f i c a n t  

inf luence  on n e t  e f f i c i e n c y  (NEH). The n e t  e f f i c i e n c y  decreased l i n e a r l y  

a s  t h e  r a t e  of ascent  increased.  The in f luence  of grade was no longer 



s i g n i f i c a n t  and t h i s  supports  t h e  view t h a t  d i f fe rences  i n  gross 

e f f i c i ency  and n e t  e f f i c i ency  (NES) were due t o  d i f fe rences  i n  the  

economy of t h e  hor izon ta l  component of walking. 

Pulmonary v e n t i l a t i o n  and, t o  a  l e s s e r  ex ten t ,  h e a r t  r a t e  were 

confirmed a s  being use fu l  p red ic to r s  of the  energy cos t  of walking i n  

cases where t h e  h ighes t  order of accuracy is  not  required.  Also 

confirmed was t h e  l i n e a r  r e l a t i o n s h i p  between t h e  energy cos t  of 

hor izon ta l  walking and the  square of t h e  speed. From t h i s  r e l a t i o n s h i p  

t h e  optimal ve loc i ty  and energy cos t  of hor izon ta l  walking w a s  ca lcula ted .  

It was concluded from t h i s  s tudy t h a t  t h e  gross e f f i c iency  of 

grade walking is  s i g n i f i c a n t l y  influenced by f a c t o r s  such as  r a t e  of 

v e r t i c a l  ascent  and grade. The inf luence  of grade can be explained 

s a t i s f a c t o r i l y  b u t  t h a t  of r a t e  of v e r t i c a l  ascent  s t i l l  requ i res  

some c l a r i f i c a t i o n .  
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CHAPTER I 

INTRODUCTION 

This study i n v e s t i g a t e s  c e r t a i n  aspects  of t h e  energy c o s t  and 

e f f i c iency  of h o r i z o n t a l  and grade walking on a motor-driven t readmil l .  

S tudies  (2 ,6 ,23)  of hor izon ta l  walking and b icyc le  ergometry have 

shown t h a t  t h e  physiological  cos t  (as expressed by oxygen consumption 

o r  energy expenditure) of a given work r a t e  (as  measured by e x t e r n a l  

work done by t h e  body) v a r i e s  according t o  t h e  p a r t i c u l a r  combination 

of speed and tens ion which was used t o  achieve t h a t  work r a t e .  

HYPOTHESIS 

The p r i n c i p a l  hypothesis of t h i s  s tudy was t h a t  t h e  physiological  

c o s t ,  and hence e f f i c iency ,  of grade walking on a motor-driven t r eadmi l l  

is no t  constant  f o r  a given r a t e  of e x t e r n a l  work bu t  v a r i e s  according 

t o  t h e  combination of grade and speed used t o  achieve t h a t  r a t e  of work. 

For t h e  purpose of t h e  s tudy ex te rna l  work done i n  grade walking w a s  

defined a s  t h e  product of gross body weight and r a t e  of v e r t i c a l  ascent .  

Furthermore, i t  was hypothesized t h a t  t h e r e  w i l l  be,  a t  any one 

rate of work, an optimal combination of speed and grade which produces 

maximum ef f i c iency .  This optimal combination of grade and speed may 

vary from ind iv idua l  t o  ind iv idua l  and from workrate t o  workrate. Such 

v a r i a t i o n s  a r e  t o  be examined. 



PURPOSES 

S p e c i f i c a l l y ,  t h e  main purposes of t h e  study were a s  follows: 

To measure and compare the  energy cos t  and e f f i c iency  of 

grade walking on a motor-driven t r eadmi l l  a t  12  d i f f e r e n t  

combinations of t r eadmi l l  grade and v e r t i c a l  r a t e  of ascent .  

These combinations included a l l  pa i r ings  of t h r e e  v e r t i c a l  

r a t e s  of ascent  (1300, 1800, and 2300 f t l h r )  and four  

grades (12, 16, 20 and 24 per  cent) .  

To examine the  usefulness of t h r e e  d i f f e r e n t  measures of 

e f f i c i ency  wi th  respect  t o  grade walking. These t h r e e  

measures are:  

(a) Gross e f f i c iency  ca lcu la ted  wi th  no deduction from 

t h e  t o t a l  cos t  of grade walking. 

(b) N e t  e f f i c i ency  ca lcu la ted  with a deduction f o r  t h e  

energy cos t  of s tanding.  

(c) N e t  e f f i c i ency  ca lcula ted  with a deduction f o r  t h e  

energy cos t  of walking hor izon ta l ly  a t  t h e  same 

veloci ty .  

To e l u c i d a t e  any t rends  o r  r e la t ionsh ips  between t h e  

independent va r iab les  (grade and v e r t i c a l  r a t e  of ascent)  

and t h e  dependent va r iab les  ( th ree  measures of e f f i c i ency) .  

To i n v e s t i g a t e  the  re la t ionsh ips  which have been repor ted  

befxeen t h e  energy expenditure of walking and va r iab les  such 

as body weight, body sur face  area ,  ve loc i ty  of hor izon ta l  

walking, h e a r t  r a t e  and minute v e n t i l a t i o n .  



5. To e s t a b l i s h  some idea  of the  r e l i a b i l i t y  and accuracy of the  

experimental procedures used i n  t h i s  s tudy f o r  the  measurement 

of energy cos t ,  and t o  compare t h e  d a t a  obtained i n  t h i s  s tudy 

wi th  t h a t  obtained by previous i n v e s t i g a t o r s .  

CONCEPT OF EFFICIENCY 

The concept of e f f i c i e n c y  i s  c e n t r a l  t o  t h i s  s tudy and i t  is  

important t o  look a t  some of t h e  problems t h a t  bese t  t h e  i n v e s t i g a t o r  

who t r i e s  t o  come t o  g r ips  wi th  t h e  concept. Consider from a thermo- 

dynamic point  of view e f f i c iency  i s  defined as: 

Useful energy output  
Eff ic iency = 

Free energy made a v a i l a b l e  

This r a t i o  is  normally expressed a s  a percentage. For t h e  physiologis t ,  

working with complex l i v i n g  systems, the  i n t e r p r e t a t i o n  of t h i s  def in i -  

t i o n  i s  not  a t  a l l  easy. The f r e e  energy made a v a i l a b l e  is  not  

d i f f i c u l t  t o  measure; d i r e c t  methods such as  l a r g e  s c a l e  calorimetry 

o r  i n d i r e c t  methods such a s  ana lys i s  of r e sp i ra to ry  gases (and the 

equating of these  t o  f u e l  combustion and energy production) have now 

reached a l e v e l  of soph i s t i ca t ion  which enables reasonably p r e c i s e  

measurements t o  be made. It i s  t h e  problem of e s t a b l i s h i n g  what 

por t ion  of t h i s  f r e e  energy can r i g h t f u l l y  be  thought of as contribut-  

i n g  towards use fu l  work which has created the  most d i f f i c u l t i e s .  It 

may wel l  be  t h a t  t h e  problem i s  semantic and l a r g e l y  of our own making. 

I n  measuring t h e  e f f i c iency  of a  given work t a s k  such a s  grade 

walking i t  is  poss ib le  t o  measure d i r e c t l y  (a) the  e x t e r n a l  work done, 
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i. e., useful  energy output ,  and (b) the  f r e e  energy made ava i l ab le ,  

i.e., the  t o t a l  energy cos t  measured during the  work. However, during 

a work t a s k  various bodily processes are continuing which operate,  and 

requ i re  energy, independently of the  work task.  These processes would 

occur i r r e s p e c t i v e  of the  work t a s k  and i t  has been suggested by some 

(11,17) t h a t  t h e  energy cos t  of these  processes should be subtrac ted  

from the  t o t a l  c o s t  of t h e  work t o  e s t a b l i s h  t h e  e f f i c iency  of t h e  

body f o r  t h a t  work task .  I n  t h i s  study t h e  energy cos t  of s tanding 

has been deducted from t h e  t o t a l  cos t  of grade walking as one measure 

of n e t  e f f i c i ency .  Other i n v e s t i g a t o r s  (3,10,25) have suggested t h a t  

only t h a t  component of l i b e r a t e d  energy d i r e c t l y  associa ted  wi th  t h e  

upward displacement of t h e  body should be considered. Thus a second 

measure of n e t  e f f i c i ency ,  incorpora t ing a deduction f o r  t h e  energy 

cos t  of walking hor izon ta l ly  a t  t h e  same v e l o c i t y  w a s  postulated.  These 

two measures a r e  e s s e n t i a l l y  of academic i n t e r e s t  only s i n c e  t h e  o v e r a l l  

o r  gross e f f i c i ency  of the  body i s  t h e  only measure l i k e l y  t o  have 

p r a c t i c a l  s ign i f i cance .  



CHAPTER I1 

REVIEW OF LITERATURE 

The energy cos t  of a wide v a r i e t y  of physica l  a c t i v i t i e s  has 

been reported and both t h e  methods used and the  r e s u l t s  of these  s t u d i e s  

have been reviewed by Passmore and Durnin (21). Walking has been 

extens ively  inves t iga ted  with grade walking r a t h e r  l e s s  so.  The e a r l i e s t  

s t u d i e s  were made by Durig and Luntz (9,lO) on men walking on the  l e v e l  

and u p h i l l  a t  a l t i t u d e s  ranging from sea l e v e l  t o  14,000 f e e t  i n  t h e  

years  from 1900 t o  1909. They concluded t h a t  t h e  e f f i c iency  of mountain 

climbing w a s  g r e a t l y  influenced by the  na tu re  of the  ground and t h e  

experience and s t a t e  of t r a i n i n g  of the  sub jec t .  Douglas et  a l . ,  (8) 

confirmed the  e f f e c t  of t h e  t e r r a i n  on t h e  e f f i c iency  of climbing and 

showed t h a t  t h e  oxygen consumption f o r  a given work r a t e  of u p h i l l  

walking was independent of a l t i t u d e  up t o  heights  of 14,000 f e e t .  

Durnin (11) measured t h e  oxygen consumption and energy cos t  of climbing 

wi th  loads i n  n a t u r a l  outdoor condit ions with sub jec t s  climbing at  t h e i r  

n a t u r a l  pace. The e f f i c iency  of climbing (ca lcula ted  using a deduction 

f o r  r e s t i n g  metabolism) showed l i t t l e  v a r i a t i o n  wi th  load and only 

s l i g h t l y  more wi th  sub jec t  and grade. Durnin expressed s u r p r i s e  a t  

these  small  v a r i a t i o n s  i n  oxygen consumption, p a r t i c u l a r l y  i n  v i e w  of 

t h e  marked sub jec t ive  experiences which accompanied changes i n  the  load 

ca r r i ed .  Pugh (22) made s i m i l a r  measurements on mountaineers during 

the  approach marches on two Himalayan mountaineering expedit ions and 
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found t h a t  the  na tu re  of the  ground contributed markedly t o  v a r i a t i o n s  

i n  climbing e f f i c iency .  He observed t h a t  mountaineers tend t o  choose 

a slow speed and s t e e p  grade, a combination t h a t  appeared t o  be more 

economical i n  terms of t o t a l  energy expenditure. 

A l l  of the  above s t u d i e s  were made i n  t h e  f i e l d  where a number 

of extraneous f a c t o r s  may have imposed unwanted v a r i a b i l i t y .  Despite 

t h e  f a c t  t h a t  t r eadmi l l  walking is, i n  terms of biomechanics, somewhat 

d i f f e r e n t  from normal walking, t r eadmi l l  s t u d i e s  are use fu l  i n  t h a t  i t  

is  poss ib le  t o  con t ro l  o r  s tandardize  t h i s  v a r i a b i l i t y .  I n  1945 

Erickson et a l . ,  (13) s tudied t h e  energy cos t  of t r eadmi l l  walking wi th  

two young men a t  s e v e r a l  poss ib le  combinations of speeds (2.5, 3.0, 3.5 

and 4.0 mph) and grades (0, 5.0, 7.5 and 10.0 pe r  cen t ) .  I n  add i t ion  

the  energy c o s t  of walking a t  3.5 mph and 10.0 p e r  cent  grade w a s  

measured i n  another 47 sub jec t s .  Their  most important f indings  were 

as follows: 

1. The in ter - individual  v a r i a b i l i t y  i n  gross oxygen consumption 

was 9.37 pe r  cent  of t h e  mean value. Corrected f o r  body- 

weight i t  was reduced t o  3.99 pe r  cent  of t h e  mean. 

2. Training produced a s l i g h t  inc rease  i n  walking e f f i c iency  

which i n  a l l  cases was l e s s  than the  r e p l i c a t e  v a r i a b i l i t y .  

3. The inc rease  i n  energy expenditure wi th  speed on the  four  

d i f f e r e n t  grades were b a s i c a l l y  t h e  same i n  t h e  two sub jec t s ,  

being s t e e p e r  at t h e  higher grades. 

4. N e t  climbing e f f i c iency ,  ca lcula ted  wi th  a deduction f o r  t h e  

energy cos t  of hor izon ta l  walking, showed m a x i m a  a t  medium 

speeds (3.0 and 3.5 mph) and low grade (5.0 pe r  cent ) .  
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5. The in ter - individual  v a r i a b i l i t y  decreased wi th  inc reas ing  

r a t e  of work. 

6. A l i n e a r  r e l a t i o n s h i p  (product moment c o r r e l a t i o n  co- 

e f f i c i e n t  of 0.977) was found between excess oxygen 

consumption i n  recovery and the  excess energy expenditure 

during work. 

Erickson and h i s  colleagues discussed t h e  concept of n e t  

e f f i c i ency  proposed by Zuntz and adopted by a number of o the r  workers 

(3,  25), i n  which t h e  c a l o r i c  equivalent  of t h e  absolute  amount of body 

l i f t  (gross weight x v e r t i c a l  he ight  gained) is  divided by t h e  d i f fe rence  

i n  energy expenditure between grade and hor izon ta l  walking. Erickson 

and colleagues found t h a t  one sub jec t  displayed higher climbing 

e f f i c i e n c i e s  desp i t e  higher energy expenditures p e r  u n i t  body weight 

because of t h e  f a c t  t h a t  h i s  hor izon ta l  walking had a h igher  energy 

cos t .  They i n t e r p r e t e d  t h i s  a s  a  poss ib le  object ion t o  t h i s  method 

of ca lcu la t ing  n e t  e f f i c i ency .  

Ors in i  and Passmore (20) have suggested another method of calcu- 

l a t i n g  the  n e t  e f f i c i e n c y  of grade walking. I n  order  t o  take  i n t o  

account pos tu ra l  changes required t o  maintain balance i n  grade walking 

they recommend t h a t  t h e  energy cos t  of downhill walking on t h e  same 

grade be  subtrac ted  from the  t o t a l  cos t .  Lukin e t  al.,  (17) ca lcu la ted  

n e t  e f f i c i e n c i e s  (with a sub t rac t ion  f o r  t h e  energy cos t  of s tanding) 

f o r  a  sub jec t  walking at 97.6 m/min on a 3' (5.24 p e r  cent )  s lope .  When 

a l l  t h e  measured g r a v i t a t i o n a l  work was considered t h e  e f f i c iency  w a s  

found t o  be 23.9 per  cent  but  when only the  g r a v i t a t i o n a l  work re ta ined  



( i .e . ,  t h a t  used i n  gaining height)  was considered the  e f f i c iency  

dropped t o  14.0 pe r  cent .  Whipp and Wasserman (28) have c r i t i c i z e d  

t h e  whole concept of mechanical e f f i c i ency  as  being inaccura te  and 

misleading s i n c e  both mechanical and biochemical processes determine 

t h e  ca lcu la ted  e f f i c iency .  I l l u s t r a t i v e  of t h e  inaccuracy of t h e  

concept they p o s t u l a t e  t h e  case of a person wi th  severe  airway ob- 

s t r u c t i o n .  I n  t h i s  case because resp i ra to ry  muscle work is  increased 

such an ind iv idua l  would requ i re  e x t r a  oxygen t o  perform a given work 

t a s k  and thus the  ca lcula ted  "mechanical" e f f i c i ency  is  reduced d e s p i t e  

t h e  f a c t  t h a t  the re  i s  no evidence t o  suggest t h a t  muscular e f f i c i ency  

is decreased. Whipp and Wasserman proposed t h e  term work e f f i c i e n c y  

and recommended t h a t  i t s  ca lcu la t ion  should include only the  oxygen 

consumed which i s  necessary t o  perform t h e  measured work. 

Because of t h e  unnatural  aspects  of t r eadmi l l  walking the  

p o s s i b i l i t y  of an improvement i n  e f f i c i ency  must be considered i n  any 

s tudy i n  which e f f i c iency  i s  being examined. I n  t h i s  r e spec t  t h e  

evidence seems equivocal.  Durig (9) found t h a t  h i s  e f f i c i e n c y  carrying 

a load of 1 8  kg on a 25 per  cent grade increased wi th  p r a c t i c e  during 

t h e  day. Durnin ( l l ) ,  on t h e  o the r  hand found no de tec tab le  d i f fe rences  

due e i t h e r  t o  p r a c t i c e  o r  f a t igue .  Knehr - et * a 1  3 (16) observed a pro- 

g ress ive  inc rease  i n  e f f i c iency  when sub jec t s  were t r a i n e d  day a f t e r  

day while Erickson e t  a l . ,  (13) i n  the  study previously repor ted  found 

inc reases  which were always l e s s  than t h e  r e p l i c a t e  v a r i a b i l i t y .  It 

seems reasonable t o  presume however, t h a t  t h e  s t a t e  of t r a i n i n g  and the  

genera l  l e v e l  of motor s k i l l  of the  sub jec t s  w i l l ,  together  with t h e  



frequency of t r a i n i n g ,  have some bearing upon t h e  ex ten t  t o  which 

e f f i c iency  i s  increased.  

The energy cos t  of walking has a l s o  been r e l a t e d  t o  a number of 

mechanical va r i ab les .  Cotes and Meade ( 6 )  found t h a t  t h e  energy cos t  

of walking a t  a n a t u r a l  s t e p  frequency on the  h o r i z o n t a l  t r eadmi l l  was 

l i n e a r l y  r e l a t e d  to:  

(1) t h e  v e r t i c a l  l i f t  work, which is  t h e  product of l i f t  pe r  

s t e p ,  s t e p  frequency, and body weight. 

(2) t h e  square of t h e  forward ve loc i ty .  

Likewise they found t h a t  t h e  energy cos t  of u p h i l l  walking could be 

described i n  terms of the  v e r t i c a l  l i f t  work provided allowance i s  

made f o r  the  a d d i t i o n a l  l i f t  work involved i n  gaining height .  

Studies of hor izon ta l  walking and b i c y c l e  ergometry have shown 

t h a t  these  forms of locomotion have an optimal speed/tension combina- 

t i o n  wi th  respec t  t o  energy expenditure r e l a t i v e  t o  e x t e r n a l  work 

achieved ( i .e . ,  e f f i c i ency) .  I n  a study of hor izon ta l  walking Ralston 

(23) found t h a t  t h e  curve r e l a t i n g  energy expended pe r  metre walked 

p e r  kg of body weight was concave upward. When a s u b j e c t  w a s  requested 

t o  walk a t  h i s  n a t u r a l  speed he  adopted a speed c lose  t o  t h e  minimum 

f o r  t h i s  curve, t h e  "natural" o r  optimal speed f o r  t h e  sub jec t .  Similar  

observations have been made i n  cycling. Banis ter  and Jackson (2) 

s tud ied  the  e f f e c t  of speed and load changes on oxygen uptake f o r  

equivalent  work loads during b icyc le  ergometry. They found t h a t  f o r  

each power output chosen t h e r e  was an optimal combination of load and 

speed which required a minimal oxygen uptake, and t h a t  a s h i f t  of load 
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and speed toward combinations of extreme speed and low load added 

considerably t o  the  energy cos t .  For example, peda l l ing  at 120 r p m  

a t  a  power output of 360 kgmlmin w a s  physiological ly  equivalent  ( i . e . ,  

required t h e  same oxygen in take)  t o  a power output  of 1,000 kgmlmin 

a t  pedal l ing  r a t e s  of 50 t o  80 rpm. 

The author recen t ly  ca r r i ed  out  a  s tudy (26) which examined t h e  

e f f e c t s  of grade, rucksack load (carr ied  on t h e  back) and boot weight 

on the  energy cos t  of u p h i l l  walking. Two young female sub jec t s  walked 

u p h i l l  on a t r eadmi l l  a t  a  rate of ascent  of 1,000 f t / h r  a t  a l l  combina- 

t i o n s  of two l e v e l s  of grade and speed (11.9 pe r  cen t  a t  1.6 mph and 

19.3 per  cent  a t  1.0 mph), rucksack weight (5 kg and 20 kg) and boot 

weight (1.25 kg and 3.75 kg). A f a c t o r i a l  ana lys i s  of var iance  

analysed the  r e s u l t s  of t h i s  24 f a c t o r i a l  design. Signif  icmt d i f fe rences  

were found between: 

(1) grades, f o r  energy cos t  (p< 0.01) and e f f i c i e n c y  (p< 0.001) 

(2) boots, f o r  energy cos t  (p< 0.05) and e f f i c iency  (p< 0.001) 

(3) rucksacks, f o r  energy c o s t  (p< 0.01). 

The e x t r a  cos t  of carrying t h e  heavier  rucksack w a s  accounted f o r  by 

t h e  e x t r a  load, but  the  e x t r a  cos t  of wearing heavy boots o r  walking 

f a s t e r  a t  a  lower grade was due, a t  l e a s t  i n  p a r t ,  t o  reduced e f f i c iency .  

As  only two l e v e l s  of grade and speed were considered i t  was not  poss ib le  

t o  e s t a b l i s h  any q u a n t i t a t i v e  re la t ionsh ip  between e f f i c i e n c y  and grade. 

The e luc ida t ion  of such a re la t ionsh ip ,  i f  i t  exists, is  one of the  

object ives  of the  present  study. 
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Other i n v e s t i g a t o r s  have shown t h a t  up t o  a po in t ,  car rying a 

load on the  back does no t  inf luence  t h e  e f f i c iency  of walking. Iarnpietro 

and Goldman (14) s tud ied  the  energy cos t  of packboard carrying on a 

t r eadmi l l  a t  var ious  grades and speeds. Three standard weights of 

packboard were ca r r i ed ,  namely ten ,  twenty and t h i r t y  kilograms. The 

energy cos t  pe r  u n i t  of weight f o r  a given r a t e  of progression and 

grade was e s s e n t i a l l y  the  same, regardless  of the  d i s t r i b u t i o n  of t o t a l  

weight between body weight and load f o r  a "reasonably f i t  individual ."  

Energy cos t  was shown t o  have a l i n e a r  r e l a t i o n s h i p  wi th  the  weight of 

pack a t  t h e  th ree  weights used. 

Brezina and Kolmer (4) s tudied t h e  energy c o s t  of walking a t  

d i f f e r e n t  speeds and with d i f f e r e n t  loads. They showed t h a t  t h e  

maximal economic v e l o c i t y  was approximately 80 t o  85 m/min. They a l s o  

found t h a t  t h e  cos t  was uninfluenced by loads of up t o  21  kg, t h a t  i s ,  

t h a t  t h i s  amount of dead weight could be c a r r i e d  a s  economically as s o  

much e x t r a  l i v e  weight. As  t h e i r  sub jec t  weighed 71 kg loads equivalent  

t o  approximately 30 per  cen t .o f  the body weight might be regarded a s  

equivalent  t o  t h e  same amount of body weight. Heavier loads brought 

about an absolute  and a r e l a t i v e  increase  i n  the  energy cos t .  



CHAPTER I11 

METHOD 

The experiment described was c a r r i e d  out  over a per iod of about 

f i v e  months i n  a labora tory  s i t u a t e d  a t  1200 f e e t  and maintained a t  a 

uniform temperature. 

SUBJECTS AND GENERAL DESIGN 

Six  a t h l e t i c  sub jec t s  were s tudied whose physica l  d a t a  a r e  

given i n  Table 1. Weight was recorded on each day of t e s t i n g  and the  

TABLE I 

Physi 

Subject 

:a1 Data of S 

Weight, kg 
Mean + S.D. 

Height, cm B.S.A. m 2 

(DuBois) 



standard devia t ions  r e f l e c t  the  v a r i a t i o n  i n  weight over the  f i v e  month 

period. Subject  MZ, a f o o t b a l l e r ,  gained weight slowly over the  period 

whereas t h e  o the r  sub jec t s  showed i r r e g u l a r  f luc tua t ions .  

The experiment consis ted  of a  p i l o t  s tudy followed by the  major 

body of t r i a l s .  

P i l o t  Study 

An i n i t i a l  s e r i e s  of t r i a l s  were conducted one p e r  day f o r  each 

sub jec t  over a period of about two weeks. A t o t a l  of s i x  t r i a l s  of 

t r eadmi l l  walking a t  one work r a t e  of 2.9 mph a t  18  pe r  cent  grade--a 

v e r t i c a l  r a t e  of ascent  of 2712 f t / h r  was completed. Each t r i a l  

consis ted  of t h e  following consecutive phases: 

(a) Five minutes of s tanding on t h e  t readmil l .  

(b) Four minutes of hor izon ta l  t r eadmi l l  walking a t  2.9 mph 

wi th  a measurement of energy cos t  (exerc ise  ) being 
O 2 

made during t h e  t h i r d  and four th  minute. 

(c) Ten minutes of grade t r eadmi l l  walking a t  2.9 mph and 

18 p e r  cent  grade with two measurements of energy cos t  

be ing made; during t h e  f i f t h  and s i x t h  minutes and during 

t h e  n i n t h  and t e n t h  minutes. 

(d) Ten minutes of s tanding recovery wi th  independent measure- 

ments of energy c o s t  being made during t h e  f i r s t  and second 

f i v e  minute periods.  

A n  a n a l y s i s  of the  d a t a  was then made t o  determine t h e  following: 

1. Inter - individual  v a r i a b i l i t y .  

(a) f o r  gross measures of energy c o s t  of grade walking. 
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(b) f o r  energy cos t  of grade walking correc ted  f o r  body 

weight. 

(c) f o r  energy cos t  of grade walking correc ted  f o r  

est imated body sur face  area  (B.S.A. by method of 

DuBois) . 
2. In t ra- individual  v a r i a b i l i t y  over d i f f e r e n t  days. 

3. In t ra- individual  v a r i a b i l i t y  f o r  estimates of energy 

expenditure made at d i f f e r e n t  t i m e s  w i th in  a t r ial .  The 

v a l i d i t y  of using t h e  f i f t h  and s i x t h  minutes of grade 

walking a s  r epresen ta t ive  of a s teady s t a t e  of exerc i se  

was t e s t e d  by comparing t h e  da ta  from t h i s  period wi th  

t h a t  taken i n  t h e  n in th  and t e n t h  minutes. 

4. The d i f fe rence  between using a f i v e  minute and a t e n  

minute c o l l e c t i n g  period f o r  measuring oxygen debt a t  

t h e  termination of walking. 

Main Ser ies  of T r i a l s  

On t h e  b a s i s  of t h e  above analyses t h e  s i x  s u b j e c t s  undertook 

t h e  main s e r i e s  of trials of walking a t  12 d i f f e r e n t  combinations of 

t r eadmi l l  speeds and grades. The combinations used are given i n  Table 

11. They represent  t h r e e  l e v e l s  of the  r a t e  of v e r t i c a l  ascent ,  each 

l e v e l  being achieved by four  d i f f e r e n t  combinations of t r eadmi l l  speed 

and grade. The t h r e e  l e v e l s  of r a t e  of v e r t i c a l  ascent  a r e  denoted by 

V1, V and V3 and t h e  four  l e v e l s  of grade by GI, 
2 

G2, G 3 and G4. 

Each combination of (e.g. VIG1) was t e s t e d  i n  t r i p l i c a t e .  Three 

t r i a l s  a t  one combination were ca r r i ed  out  i n  one t e s t i n g  sess ion ,  and 



t e s t i n g  sess ions  f o r  each ind iv idua l  were separa ted  by a t  l e a s t  one day. 

Each sub jec t  w a s  assigned t o  work t a sks  i n  a random fashion ( t a b l e  of 

random numbers) t o  minimize any t r a i n i n g  e f f e c t s  which may have taken 

place .  I n  f a c t  t h e  sub jec t s  were i n  a s t a t e  of r egu la r  t r a i n i n g  and i t  

TABLE I1 

is unl ikely  t h a t  t h e  i n t e n s i t y  of the  t r eadmi l l  walking was s u f f i c i e n t  

t o  cause any s i g n i f i c a n t  t r a i n i n g  e f f e c t s .  

The s u b j e c t s  wore a t h l e t i c  shor t s  and t r a c k  shoes at each t e s t i n g  

sess ion  and were requested not  t o  e a t  f o r  a t  l e a s t  two hours p r i o r  t o  

t h e  sess ion.  The d i f f i c u l t y  of f i t t i n g  a two-hour t e s t i n g  sess ion  i n t o  

t h e  s u b j e c t s '  r egu la r  d a i l y  programme, together  wi th  t h e  l i m i t a t i o n s  on 

t h e  a v a i l a b i l i t y  of labora tory  t i m e ,  meant t h a t  t h e  p a t t e r n  of e a t i n g  

and exerc i se  a c t i v i t i e s  which preceded each t e s t i n g  s e s s i o n  were not  a s  

uniform a s  would have been des i rable .  This may expla in  the  considerable 

v a r i a t i o n s  i n  h e a r t  r a t e  and resp i ra to ry  exchange r a t i o  f o r  the  s tanding 

phase. The per iod between t r i a l s  wi th in  a test sess ion  w a s  s u f f i c i e n t  t o  

Combinations of Treadmill Grade and Speed used i n  t h e  Study 

Speed mph 

Speed mph 

Speed mph 

Grade, pe r  cent 

12 (GI) 16 (G2) 20 (G3) 24(G4) 

Rate of v e r t i c a l  ascent  

f  t / h r  m/min 

1.05 

1.46 

1.87 

2.06 

2.86 

3.65 

1300 (V1) 

1800 (V2) 

2300(V3) 

6.60 

9.14 

11.68 

1.55 

2.15 

2.75 

1.25 

1.74 

2.22 



car ry  out  gas ana lys i s  of r e sp i red  gas samples and t o  enable t h e  

metabolic r a t e  t o  recover t o  normal s o  t h a t  the re  was no s i g n i f i c a n t  

d i f fe rence  i n  t h i s  value a t  rest between t r i a l s .  

Each t r ia l  consis ted  of t h e  following consecutive phases. 

Five minutes of s tanding on t h e  t r eadmi l l  i n  order  t o  

achieve a base l ine  metabolic r a t e .  One resp i red  gas 

c o l l e c t i o n  was made during t h i s  f i v e  minute period f o r  

ana lys i s  and th ree  h e a r t  r a t e s  recorded, i n  t h e  middle 

of t h e  f i r s t ,  t h i r d  and f i f t h  minutes. 

Four minutes of hor izon ta l  walking i n  which one resp i red  

gas c o l l e c t i o n  was made during the  t h i r d  and four th  

minutes f o r  l a t e r  ana lys i s  and h e a r t  r a t e s  were recorded 

i n  t h e  middle of each of these  minutes. A t  t h e  end of 

t h e  four th  minute t h e  t r eadmi l l  was r a i s e d  t o  t h e  required 

grade. 

S i x  minutes of grade walking during which one resp i red  

gas c o l l e c t i o n  was made and h e a r t  r a t e s  were recorded 

during t h e  f i f t h  and s i x t h  minutes. 

Five minutes of s tanding recovery during which one gas 

c o l l e c t i o n  was made and h e a r t  r a t e s  recorded i n  t h e  middle 

of each minute. 

INSTRUMENTATION 

Room temperature and pressure  were recorded a t  t h e  beginning of 

each t e s t i n g  sess ion.  The sub jec t  was then weighed wearing recording 



instruments.  Heart r a t e s  were recorded by rad io  telemetry (Parks 

Elect ronics ,  Beaverton, Oregon). 

Pulmonary v e n t i l a t i o n  was measured by means of a Kofranyi-Michaelis 

(K-M) type meter (Max Planck Respira t ion Gas Meter) worn l i k e  a rucksack 

on t h e  back. The sub jec t  inhaled a i r  through a Coll ing t r i p l e  J low- 

r e s i s t a n c e  valve and t h e  exhaled gas passed through a p l i a b l e  connecting 

tube of wide bore ( i d  1.5 inches) t o  t h e  K-M meter. The mouthpiece and 

valve  was suspended from above the  t r eadmi l l  by an ad jus tab le  cord s o  t h a t  

t h i s  weight was not  borne by the  neck muscles of the  sub jec t  during walking. 

The t o t a l  weight of instrumentat ion and c lo thing ca r r i ed  by the  sub jec t  was 1 

5.0 kg. It has been shown by t h e  author i n  a previous study t h a t  reason- 

ably small  loads c a r r i e d  on t h e  back do not  e f f e c t  e f f i c i ency  (26). 

The K-M meter was ca l ib ra ted  over a range of flow r a t e s  

encompassing those expected i n  t h e  experiment. A known volume of 

air was passed from a Benedict spirometer through t h e  meter i n  surges 

comparable t o  exp i ra t ion .  The K-M meter readings were cons i s t en t ly  

low and a regress ion equation of correc t ion f a c t o r  (CF) on recorded 

v e n t i l a t i o n  (c l /min) was derived. This equation was CF = 1.063 - 
E ' 

0.000294 tE, with a Standard e r r o r  of es t imate  of +0.0024 (product 

moment c o r r e l a t i o n  c o e f f i c i e n t  of r - 0.992). The cor rec t ion  f a c t o r ,  

together  wi th  t h e  cor rec t ion  f a c t o r  f o r  temperature and pressure ,  

were used t o  cor rec t  pulmonary v e n t i l a t i o n  t o  STPD. Analysis of res-  

p i red  gas was made from 0.6% a l iquo t  samples of expired a i r  co l l ec ted  

i n  a rubber bladder corresponding t o  each period f o r  which v e n t i l a t i o n  

w a s  measured. These samples were analysed a t  t h e  end of o r  during each 



t r i a l  f o r  0 and CO content .  Oxygen was analysed by means of a 2 2 

Westinghouse model 211 pulmonary function oxygen monitor and carbon 

dioxide by a Godart Capnograph. Percentage values of each gas were 

recorded on ind iv idua l  P h i l i p s  rapid  response recorders ,  Model PM 8100. 

These instruments were c a l i b r a t e d  every t r ia l  with gases of known concen- 

t r a t i o n  from micro-Scholander ana lys i s .  

DATA ANALYSIS 

A computer programme w a s  used t o  process t h e  raw d a t a  (Appendix 

I ) .  The programme readout gave ind iv idua l  values of t h e  parameters 

ind ica ted  below f o r  each phase of each t r i a l .  The mean of each v a r i a b l e  

f o r  each phase of t h e  t h r e e  trials a t  one combination of grade and 

speed was a l s o  ca lcu la ted .  

Recorded Variables 

1. Heart rate, HR bpm. 

2. Pulmonary minute v e n t i l a t i o n ,  % STPD l/min. 

3. Per  cent  oxygen i n  expired a i r ,  0 p e r  cen t  
2~ 

4. Per cent  Carbon dioxide i n  expired a i r ,  
Co2E per cent- 

5. Respiratory gas exchange r a t i o ,  R. 

6. Oxygen consumption, l/min. 

7. Energy expenditure,  E Kcal/min. This was ca lcu la ted  by t h e  

method of Weir (27). I f  0 is  t h e  percentage of O2 i n  expired E 

a i r ,  then t h e  energy value of one l i tre of expired a i r ,  

EL Kcal/min is  given by EL = 1.046 - 0.05 Og. The energy 

expenditure f o r  any period i s  then given by E = E ~ . v ~ ,  where 



bE is t h e  volume of expired a i r  f o r  t h a t  period correc ted  

t o  STPD. Weir claimed t h a t  t h i s  method has a maximum e r r o r  

of 1 i n  500 i f  t h e  amount of p r o t e i n  being metabolized by 

t h e  sub jec t  is  wi th in  t h e  range 10 t o  14 pe r  cent .  

8. Energy expenditure per  100 kg body weight, E Kcal/min/100 kg. 
W 

9. Energy expenditure p e r  two square meters of body sur face  

2 area ,  E~~~ Kcal/min/2m . 
I n  addi t ion  t h e  following parameters were ca lcu la ted  f o r  each 

of t h e  t r i a l s .  

10. Three measures of e f f i c i e n c y  of grade walking. 

( i )  Gross e f f i c iency ,  GE%, where no deduction from t h e  

energy cos t  of grade walking was made. 

( i i )  N e t  e f f i c i ency ,  NES%, ca lcu la ted  us ing t h e  d i f fe rence  

between t h e  energy cos t  of grade walking and energy 

cos t  of s tanding.  

( i i i )  N e t  e f f i c i ency ,  NEH%, ca lcu la ted  using t h e  d i f fe rence  

between t h e  energy cos t  of grade walking and walking 

hor izon ta l ly  at t h e  same speed. 

11. Gross e x t e r n a l  work r a t e  per  minute i n  grade walking i n  both 

Kgm/min and Kcallmin. This was ca lcu la ted  a s  t h e  product of 

body weight and v e r t i c a l  r a t e  of ascent .  

Various s t a t i s t i c a l  analyses were made t o  determine s i g n i f i c a n t  

d i f fe rences  between walking e f f i c iency  f o r  t h e  d i f f e r e n t  combinations 

of grade and v e r t i c a l  r a t e  of ascent .  The p r i n c i p a l  t reatment w a s  an 

ana lys i s  of var iance  on a l l  t h r e e  measures of e f f i c i ency .  A computer 
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programme (Appendix 2) was used i n  t h i s  analys is .  Since t h e r e  were 

equal  i n t e r v a l s  between t h e  l e v e l s  of grade and v e r t i c a l  r a t e  of ascent  

(4 pe r  cent and 500 f t / h r  respect ively)  i t  was a l s o  poss ib le  t o  perform 

a t rend ana lys i s  using orthogonal polynomials. Fur ther  d e t a i l s  of the  

s t a t i s t i c a l  t reatments a r e  included i n  Chapters I V  and V. 

I n  s c i e n t i f i c  experimentation e r r o r  is  def ined  as t h e  d i f fe rence  

between a t r u e  value and an observed value.  I n  the  physica l  sc iences  

t h i s  d e f i n i t i o n  has some v a l i d i t y  f o r  i n  these  d i s c i p l i n e s  i t  is  

normally poss ib le  t o  conceive of a t r u e  value,  as f o r  example the  

frequency of a sound wave. The e r r o r  is  then a t t r i b u t a b l e  t o  de f ic ienc ies  

i n  t h e  instruments and techniques used t o  measure t h i s  t r u e  value.  I n  

t h e  measurement of human a t t r i b u t e s ,  whether physica l  o r  psychological ,  

w e  are not  s o  fo r tuna te .  It may be poss ib le  t h a t  some human a t t r i b u t e s  

do have a t r u e  value bu t  i t  i s  never poss ib le  t o  de f ine  i t ,  o r  t o  achieve 

i t s  measurement, s i n c e  such a t t r i b u t e s  f l u c t u a t e  wi th  t i m e  and a r e  o f t en  

modified by t h e  process of repeated measurement. The b e s t  t h a t  we can 

hope f o r  i s  t h a t  a number of measurements of the  a t t r i b u t e  ( t h e  dependent 

va r iab le )  can be made under condit ions which minimize t h e  inf luence  of 

a l l  but  those f a c t o r s  whose e f f e c t s  w e  are i n t e r e s t e d  i n  observing ( the  

independent va r iab les ) .  

I n  such measurements t o t a l  v a r i a b i l i t y  of t h e  dependent va r iab le  

can be considered a s  a r i s i n g  from four  independent sources.  
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1. V a r i a b i l i t y  due t o  the  e f f e c t  of t h e  independent va r iab le  (s )  . 
I d e a l l y  t h i s  should be a s  l a r g e  a s  poss ib le  r e l a t i v e  t o  t h e  

o the r  t h r e e  sources.  

2. V a r i a b i l i t y  due t o  uncontrolled f a c t o r s  which inf luence  the  

dependent va r iab le .  In  exerc i se  physiology some such 

f a c t o r s  may be d i e t ,  exe rc i se  pa t t e rns ,  mental and physica l  

f a t i g u e ,  l ack  of motivation. Usually at tempts w i l l  be made 

t o  con t ro l ,  o r  a t  l e a s t  randomize these  inf luences .  

3. Random e r r o r s  of experimentation due t o  t h e  instruments, 

poor technique o r  l i m i t a t i o n s  of human accuracy. 

4.  Systematic e r r o r s  of experimentation due t o  s i m i l a r  f a c t o r s .  

To ta l  e r r o r  w i l l  be t h e  sum of 2, 3,  and 4. 

There a r e  two methods of approaching t h e  problem of separa t ing  

t h e  v a r i a b i l i t y  i n  the  dependent v a r i a b l e  and ass igning the  amount 

appropr ia te  t o  each source. 

The S t a t i s t i c a l  Method 

Whenever more than one measure i s  made of t h e  dependent va r iab le  

under t h e  same condit ions of independent va r iab le ( s )  it  is poss ib le  t o  

apply s t a t i s t i c a l  procedures t o  determine t h e  v a r i a b i l i t y  due t o  sources 

o t h e r  than sys temat ic  e r r o r .  I f  only two sets of measurements a r e  made 

then a r e l i a b i l i t y  c o e f f i c i e n t  i s  ca lcula ted .  One minus t h e  square of 

t h e  r e l i a b i l i t y  c o e f f i c i e n t  gives t h e  proport ion of the  obtained var iance  

which i s  due t o  t h e  e r r o r  from sources 2 and 3.  With more than two s e t s  

of measurements ana lys i s  of variance i s  the  technique used. 
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The Analyt ica l  Method. 

By c a r e f u l l y  and methodically appra is ing the  instruments and 

techniques used i t  is poss ib le  t o  def ine  the  probable ou te r  limits 

of random experimental e r r o r s  (and, i f  poss ib le  reduce them by improving 

instruments and techniques). 

The l i k e l y  e r r o r s  of t h e  present  experiment w i l l  be examined i n  

these  ways. 

S t a t i s t i c a l  

Table I11 shows t h e  d a t a  co l l ec ted  on t h e  energy cos t  of grade 

walking f o r  sub jec t  AC. Three r e p l i c a t i o n s  were made of t h i s  measure 

f o r  each of 12 l e v e l s  of the  independent va r iab le  ( i .e . ,  combination of 

t r eadmi l l  grade and r a t e  of v e r t i c a l  ascent) .  I f  t h e  t r i a l s  a r e  con- 

s ide red  i n  p a i r s ,  c o r r e l a t i o n  c o e f f i c i e n t s ,  i n  t h i s  case r e l i a b i l i t y  

c o e f f i c i e n t s ,  can be ca lcula ted .  They are:  

2 
The ca lcu la t ion  (1-r ) I00 gives t h e  per  cent  of t h e  v a r i a b i l i t y  which 

is  due t o  e r r o r .  This is  t h e  random f luc tua t ion ,  n o t  due t o  changing 

the  dependent va r iab le ,  bu t  r a t h e r  t o  uncontrolled f a c t o r s  and random 

experimental e r r o r s .  I n  these  th ree  cases the  percentage of v a r i a b i l i t y  

due t o  these  sources a r e  10.3%, 8.8% and 8.8% respect ively .  However, 

t h i s  method makes use of only p a r t  of the  da ta  and thus loses  some pre- 

c i s ion .  
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The r e s u l t s  of a one-way ana lys i s  of var iance  of the  same d a t a  

a r e  given i n  Table I V .  The percentage of v a r i a b i l i t y  due t o  random 

sources has now been reduced t o  7.14/160.54 x 100 = 4.45%, and t h e  

remaining 95.5% i s  due t o  t h e  v a r i a b i l i t y  of t h e  independent va r iab les .  

Fur ther  t r i a l s  would inc rease  t h e  p rec i s ion  of t h e  experiment even more. 

TABLE I V  

One Way Analysis of Variance of t h e  Energy 
Cost of Grade Walking f o r  Subject  AC 

Analyt ica l  Assessment of Experimental Errors  

Energy c o s t  i s  ca lcu la ted  from t h e  volume of expired a i r  correc ted  
. 

t o  s tandard  temperature and pressure  dry, VE STPD and t h e  percentage of 

oxygen i n  t h i s  expired air, OE%. Each of these  parameters i n  t u r n  a r e  

ca lcu la ted  from s e v e r a l  o the r  measures. Errors  i n  any of these  measures 

w i l l  be propagated through t h e  ca lcu la t ions  and may be  add i t ive .  It i s  

poss ib le  t o  assess  t h e  maximum e r r o r  l i k e l y  t o  occur i n  any one measure- 

ment and then c a l c u l a t e  what the  f i n a l  e r r o r  could be were a l l  t h e  e r r o r s  

addi t ive .  

Nature of Ef fec t  

Combination of 

grade and load 

Repl ica t ion 

To ta l  

Sum of Squares 

153.40 

7 .I4 

160.54 

r a t i o  

46.9* 

d.f.  

11 

- 24 

35 

Variance 
Estimate 

13.95 

0.30 



1. Volume of expired air.  

(a) Reading t h e  K-M meter. I n  t h i s  a reading e r r o r  of 

20.2 1 may occur. Since a volume measurement i s  t h e  

d i f fe rence  of two readings t h e  maximum poss ib le  e r r o r  

is  20.4 1. 

(b) Cal ibra t ion of t h e  K-M meter. The regress ion equation 

f o r  t h e  cor rec t ion  f a c t o r  on recorded flow r a t e  had a 

standard e r r o r  of estimate of 0.00235. Thus the  99% 

confidence limits f o r  t h e  cor rec t ion  f a c t o r  were 

22.58 x 0.00235 = +0.0061 (99% confidence limits f o r  

a normal d i s t r i b u t i o n  f a l l  wi th in  22.58 SD). This 

assumes t h a t  t h e  instrument aga ins t  which t h e  K-M 

meter w a s  ca l ib ra ted  was accurate.  

0 
(c) The reading of gas temperature w a s  accura te  t o  21 c. 

(d) The reading of room pressure  was accura te  t o  20.5 nxn Hg. 

For a recorded flow of 60 l/min and combining these  e r r o r s  i n  an 

add i t ive  fashion a percentage e r r o r  (99% confidence l i m i t s )  of 51.3% was 

obtained. 

2. Percentage of oxygen i n  expired air. 

(a)  The oxygen analyzer was c a l i b r a t e d  from gases i n  

cyl inders  which w e r e  measured by t h e  method of Scholander. 

This method is accura te  t o  20.01% i f  used cor rec t ly ;  from 

repeated measures of the  c a l i b r a t i o n  gases i t  would be 

reasonable t o  s e t  t h e  99% confidence limits at 50.05%. 

This would account, a t  l e a s t  i n  p a r t ,  f o r  l ack  of 



homogenity i n  t h e  gas mixture i n  the  cyl inder  but  not  

f o r  sys temat ic  e r r o r s  i n  t h e  use of the  Scholander 

Method. 

The length  of the  recording on t h e  oxygen analyzer 

could be read t o  + 112 u n i t  on a 100 u n i t  s c a l e .  How- 

ever ,  the  poss ib le  e r r o r  m u s t  be set somewhat wider, 

around + 2 u n i t s ,  t o  allow f o r  d i f f i c u l t y  i n  assess ing  

t h e  base l i n e  reading which shuwed some i n s t a b i l i t y .  

Other poss ib le  sources of e r r o r  i n  using the  analyzer 

might have been a non-linear response t o  t h e  recorder  

and a s h i f t i n g  s e n s i t i v i t y .  The l a t t e r  problem w a s  

a l l e v i a t e d  by c a l i b r a t i n g  t h e  analyzer everytime gas 

ana lys i s  was made. The former problem w a s  not  i n v e s t i -  

gated and i t  was assumed t h a t  t h e  analyzer had a l i n e a r  

response over the  range of oxygen values  measured. 

For a recorded oxygen content of 17 pe r  cent  i n  expired air and 

combining these  e r r o r s  i n  an add i t ive  fashion a percentage e r r o r  (99% 

confidence l i m i t s )  of 8.0 pe r  cent  was obtained. Thus, the  ana lys i s  

of t h e  expired gas was a much g r e a t e r  source of e r r o r  than t h e  measure- 

ment of i t s  volume. 

Combining t h e  two parameters t o  obta in  t h e  energy c o s t  t h e  

m a x i m u m  poss ib le  e r r o r  w a s  10.5 pe r  cent f o r  an energy cos t  of 12 ~ c a l / m i n .  

Comparison of S t a t i s t i c a l  and Analyt ica l  Assessments of Er ro r  

The energy cos t  f o r  grade walking a t  2.9 mph and 1 8  pe r  cent  grade 

i n  t h e  p i l o t  s tudy f o r  sub jec t  AC was 12.30 20.94 Kcallmin. Since the re  
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were 6 t r i a l s  the  standard e r r o r  of t h e  mean was 0.941 6 = 50.38 Kcal/min. 

This means t h a t  t h e  "true" value,  has a 99 pe r  cent  change of being 

wi th in  2.58 x 0.38 = 0.99 Kcal/min of the  sample population mean of 

12.30, i .e. ,  i n  t h e  range 11.31 t o  13.29 Kcallmin. 

Since t h e  S.D. of t h e  da ta  w a s  0.94 Kcallmin, 99 pe r  cent  of t h e  

ind iv idua l  measures of t h e  energy cos t  should l i e  wi th in  2.58 x 0.94 = 

2.42 Kcal/min of 12.30. This amounts t o  about 20 pe r  cent  of the  mean. 

The a n a l y t i c a l  approach has assessed t h e  99 per  cent  confidence l i m i t s  

f o r  random experimental e r r o r  as about 10 pe r  cent  of t h e  mean. Con- 

sequently,  the  maximum contr ibut ion of experimental e r r o r  t o  t h e  t o t a l  

random v a r i a b i l i t y  i n  t h e  d a t a  is about one-half. 



CHAPTER I V  

RESULTS 

PILOT STUDY 

A summary of t h e  r e s u l t s  from the  p i l o t  s tudy i s  given i n  

Appendix 3. Each t a b l e  i n  t h i s  Appendix shows t h e  mean and standard 

dev ia t ion  of a l l  va r i ab les  f o r  a l l  phases of s i x  t r i a l s  undertaken by 

one sub jec t .  Although the  energy cos t  of grade walking i n  t h e  n i n t h  

and t en th  minutes of walking i s  genera l ly  g r e a t e r  than t h a t  f o r  t h e  

f i f t h  and s i x t h  minutes of walking, an ana lys i s  of var iance  showed 

t h a t  the  d i f fe rences  w e r e  no t  s ign i f i can t . '  I n  f a c t ,  t h e  var iance  of 

energy c o s t  f o r  grade walking wi th in  t r i a l s  and between trials were 

n o t  s i g n i f i c a n t l y  d i f f e r e n t  and thus these  two sources of v a r i a b i l i t y  

could be  a t t r i b u t e d  t o  a common source. Consequently, t h e  energy c o s t  

of grade walking was measured during the  f i f t h  and s i x t h  minutes of 

e x e r c i s e  i n  t h e  main s e r i e s  of t r i a l s .  

 or t h e  purposes of t h i s  s tudy t h e  r e s u l t  of a s t a t i s t i c a l  
test i s  s a i d  t o  be: 

no t  s i g n i f i c a n t  when t h e  p r o b a b i l i t y  of t h i s  r e s u l t  occurring 
by chance exceeds 0.05 (p>0 .O5) . 
s i g n i f i c a n t ,  when the  p robab i l i ty  of t h i s  r e s u l t  occurring 
by chance l ies  between 0 .O5 and 0 . O 1  (O.O5>p>O .01) . 
very s i g n i f i c a n t ,  when the  p r o b a b i l i t y  of this r e s u l t  
occurring by chance l i e s  between 0 . O 1  and 0.001 (O.Ol>p>O .001). 

h ighly  s i g n i f i c a n t ,  when t h e  p robab i l i ty  of t h i s  r e s u l t  
occurring by chance is  l e s s  than 0.001 (p<0.001). 



MAIN SERIES OF TRIALS 

An example of the  computer write-out f o r  one t e s t i n g  sess ion  

of t h r e e  t r i a l s  f o r  one sub jec t  i s  given i n  Appendix 4. The means and 

standard devia t ions  f o r  h e a r t  r a t e ,  pulmonary v e n t i l a t i o n ,  r e s p i r a t o r y  

exchange r a t i o ,  and energy cos t  f o r  each phase and f o r  each sub jec t  

are given i n  Table V (standing phase), Table V I  (hor izon ta l  walking 

phase), Table V I I  (grade walking phase),  and Table V I I I  (recovery 

phase) . 
Heart Rate 

Standing h e a r t  r a t e  values  showed considerable v a r i a t i o n  from 

t r i a l  t o  t r i a l  and from sub jec t  t o  sub jec t .  JM, a well- trained middle- 

d i s t ance  runner had t h e  lowest hearr  rates with a mean and standard 

devia t ion of 58.8 + 7.5. Subjects  GP and AT had much higher  mean h e a r t  

r a t e s .  GP was a graduate s tuden t  wi th  numerous commitments and twice 

he was t e s t e d  a f t e r  baske tba l l  p r a c t i c e  and on both these  occasions h i s  

h e a r t  r a t e  was considerably h igher  than normal. AT, on t h e  o the r  hand 

showed an apprehensive tachycardia a t  t h e  commencement of some t e s t i n g  

sess ions .  On four  occasions h i s  h e a r t  r a t e  decreased a t  t h e  s t a r t  of 

exerc ise .  

I n  a l l  s u b j e c t s  t h e  increment i n  h e a r t  r a t e  from the  standing 

phase t o  walking hor izon ta l ly  was small, usual ly  l e s s  than 10 bpm. 

The highes t  ind iv idua l  and mean h e a r t  r a t e s  a t t a i n e d  were 164 and 162 

respec t ive ly  f o r  MZ grade walking a t  12 pe r  cent  grade and 3.65 mph 

( r a t e  of v e r t i c a l  ascent  2300 f t / h r ) .  



TABLE V 

Heart Rate (HR) , Pulmonary Vent i l a t ion  ( f E ) ,  Respiratory 
Exchange Ra t io  (R) and Energy Cost (E) f o r  the  

Standing Phase of a l l  T r i a l s  (N=36). The 
upper Values a r e  Means and t h e  Lower 

Values Standard Deviations 

Subject E 
Kcal /min 



TABLE V I  

Heart Rate (HR) , Pulmonary Vent i la t ion ( tE ) ,  Respiratory 
Exchange Ratio (R) and Energy Cost (E) f o r  the  
Horizontal Walking Phase of a l l  Trials (N=36). 

The Upper Values a re  Means and the  Lower 
Values Standard Deviations 

Subject 



TABLE V I I  

. 
Heart Rate (HR), Pulmonary Ventilation (VE), Respiratory 

Exchange Ratio (R) and Energy Cost (E) for the 
~ r a d e  Walking Phase of  all^ Trials (N=36). 
The Upper Values are Means and the Lower 

Values Standard Deviations 

Subject 



TABLE V I I I  

Heart Rate (HR) , Pulmonary Vent i la t ion  (tE), Respiratory 
Exchange Rat io  (R) and Energy Cost (E) f o r  t h e  

Recovery Phase of a l l  Trials (N=36). The 
Upper Values a r e  Means and the  Lower 

Values Standard Deviations 

Subject 



Pulmonary Vent i la t ion  and Respiratory Exchange Rat io  

Pulmonary v e n t i l a t i o n  was much more uniform from sub jec t  t o  

sub jec t  than was h e a r t  r a t e .  The highes t  ind iv idua l  and mean ven t i l a -  

t ions  a t t a i n e d  were 72.2 and 69.9 R/min respec t ive ly  f o r  MZ a t  12% 

grade and 3.65 mph . 
Figures l a  t o  I f  show t h e  changes i n  t h e  r e s p i r a t o r y  exchange 

r a t i o  (R) from phase t o  phase of the  t r i a l s  f o r  each sub jec t .  Two 

b a s i c  p a t t e r n s  emerged: 

I. The more common p a t t e r n  (AC, RH, GP, MZ) was a drop i n  R 

a t  the  start of exerc ise ,  followed by an inc rease  throughout 

grade walking t o  reach a maximal, though not  very high value,  

i n  recovery. JM showed a f u r t h e r  decrease i n  R during grade 

walking bu t  a r e t u r n  t o  higher values i n  recovery. 

2. AT showed a s l i g h t  but  s teady increase  i n  R through a l l  

phases of t h e  t e s t i n g  . 
Two s i m i l a r  p a t t e r n s  were noted by t h e  author i n  a previous study of 

grade walking wi th  two women as sub jec t s  (26). It would probably be 

unwise t o  i n t e r p r e t  too much from these  p a t t e r n s  of R f o r ,  a s  Kleiber 

(15) has pointed out,  R t s  measured over a period of a few minutes a r e  

unre l i ab le  ind ices  of metabolism i n  man because of the  inf luence  of 

washout o r  r e t e n t i o n  of C02 and )2 debt. 

Oxygen Uptake and Energy Expenditure 

Oxygen uptake and energy expenditure a r e  o f t en  used synonymously 

t o  i n d i c a t e  the  l e v e l  of a c t i v i t y  o r  metabolism. I n  the  s t r i c t e s t  sense 

t h e  two a r e  not interchangeable s ince  t h e  energy l i b e r a t e d  by one volume 



FIGURES l a  t o  I f  

Changes i n  the Respi r a t o r y  Exchange r a t i o  (R) from 
Phase t o  Phase o f  a l l  T r i a l s  f o r  each Subject .  
Phases were Standing (s)  , Hor izonta l  Walking (H) , 
Grade Walking (G)  and Recovery ( R ) .  Means S . D .  
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of 0 depends on t h e  f u e l  being metabolised. For normal d i e t s  a 
2 

f requent ly  quoted energy equivalent  f o r  one l i t r e  of 0 i s  5 Kcal. I n  
2 

t h i s  inves t iga t ion ,  using Weir's formula, t h e  k i l o c a l o r i c  value  of one 

l i t re  of 0 i s  no t  constant  but  v a r i e s  around 4.8. Maximum energy i s  2 

l i b e r a t e d  by one l i t r e  of O2 when t h e  f u e l  s u b s t r a t e  is  carbohydrate. 

Maximum ind iv idua l  and mean oxygen uptakes (t ) were 4.16 and 4.07 
O2 

Rlmin respec t ive ly  a t t a i n e d  by MZ walking a t  3.65 mph and 12% grade; 

these  values were equivalent  t o  energy cos t s  of 20.02 and 19.51 Kcal/min 

(energy equivalents  of 4.81 and 4.80 Kcal / l ) .  Because of t h e  high 

c o r r e l a t i o n  between h e a r t  r a t e  and oxygen uptake i t  was poss ib le  t o  make 

reasonable es t imates  of maximum oxygen uptake (t max) based on a 
O2 

maximum h e a r t  r a t e  of 185 and assuming a completely l i n e a r  r e l a t i o n s h i p  

between h e a r t  r a t e  and oxygen uptake (Table I X ) .  The s tandard  e r r o r s  

TABLE I X  

Maximum Oxygen Uptakes Estimated from the  Linear 
Regression of Oxygen Uptake on Heart Rate, 

and Based on a Maximum Heart Rate of 185 

Subject  
Maximum Oxygen Uptake 

R lmin mR/kg/min 



of es t imate  f o r  these regressions a r e  0.2 l/min. Apart from the  

v a l i d i t y  of assuming a uniform maximal hea r t  r a t e  f o r  a l l  individuals  

these  est imates probably e r r  because, a s  shown by Maritz -- e t  a l .  (19) 

the  re la t ionsh ip  between hea r t  r a t e  and oxygen uptake is  non-linear 

near  maximal values.  

Efficiency of Grade Walking 

The complete da ta  f o r  th ree  measures of e f f i c iency  a r e  given 

i n  Appendix 5 (GE), Appendix 6 (NES) and Appendix 7 (NEH). 

Gross Efficiency 

The mean gross e f f i c iency  over a l l  t r i a l s  was 19.66 2 1.92%. 

A summary of the  analys is  of variance of t he  gross e f f i c i e n c i e s  is  

given i n  Table X. The f i r s t  order i n t e r ac t i on  between r a t e  of v e r t i c a l  

ascent  and grade was found t o  be s i gn i f i c an t  and t h i s  is  shown 

graphically i n  Figure 2. Figures 3, 4,  5 and 6 show the  e f f e c t  of r a t e  

of v e r t i c a l  ascent ,  grade, r ep l i c a t i on  and sub jec t  respect ively  on 

gross ef f ic iency;  the  f i r s t  two e f f e c t s  were highly s i g n i f i c a n t ,  the  

r ep l i c a t i on  e f f e c t  very s i gn i f i c an t  while the  sub jec t  e f f e c t  was not  

s i gn i f i c an t .  

Net Efficiency (NES), Incorporating 
a Deduction f o r  Standing Metabolism 

The mean e f f i c iency  over a l l  trials was 23.95 5 2.65%. A summary 

of the  analys is  of variance of t h i s  measure of e f f i c iency  i s  given i n  

Table X I .  Two main f ac to r s  were found t o  be s i gn i f i c an t ;  r a t e  of 

v e r t i c a l  ascent  a t  the  0.01 l e v e l  and grade a t  the  0.001 leve l .  These 

two e f f e c t s  a r e  shown graphically i n  Figures 7 and 8. 



TABLE X 

Summary of the  Analysis of Variance of Gross Ef f ic ienc ies  using 
an Additive Model with Pooling of Subject In te rac t ions  

Factors a r e  r a t e  of v e r t i c a l  ascent (V), grade (G), individual  repl ica-  
t ions  (R) and subject  (S). 

Nature of Effect  

Main fac tors  and 

sub jec t s  

In te rac t ions  be- 

tween p a i r s  of 

fac to rs  

In te rac t ion  of 

3 f ac to r s  

Residual 

Total  

Source 

v 

G 

R 

S 

VG 

VR 

GR 

VGR 

Sum of 
Squares 

Iegree of 
Freedom ' 

Variance 
Estimates 

F 
Ratios 



FIGURE 2 

Gross Eff ic iency by Rate of V e r t i c a l  
As cent (V) and Grade (G) . Means ('SD) 
a r e  f o r  a l l  Repl ica t ions  and Subjects .  





FIGURE 3 

Gross Efficiency by Rate of Vert ical  
Ascent (V) . Means (+SD) a re  fo r  a l l  
Grades, Replications and Subjects. 



RATE OF VERTICAL ASCENT, ft/hr. 



FIGURE 4 

Gross Efficiency by Grade (G). Means 
(+SD) a r e  f o r  a l l  Rates of Ve r t i c a l  
Ascent, Replicat ions and Subjects .  



G R A D E  , % 



FIGURE 5 

Gross Efficiency by Replicat ion (R) . 
Means (+SD) a r e  f o r  a l l  Rates of 
Ver t i ca l  Ascent, Grades and Subjects. 
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FIGURE 6 

Gross Efficiency by Subject.  Means 
(+SD) a r e  f o r  a l l  Rates of Ver t i ca l  
Ascent, Grades and Replicat ions.  





TABLE X I  

Summary of t h e  Analysis of Variance of Net Eff ic iency,  (NES), 
Incorporat ing a Deduction f o r  t h e  Metabolism of Standing, 

Using an Additive Model with Pooling of Subject I n t e r a c t i o n s  

Factors  a r e  r a t e  of v e r t i c a l  ascent  (V), grade (G), ind iv idua l  repl ica-  
t i o n s  (R) and sub jec t  (S). 

Nature of Ef fec t  

Main f a c t o r s  and 

s u b j e c t s  

I n t e r a c t i o n s  

between p a i r s  

of f a c t o r s  

I n t e r a c t i o n  of 

3 f a c t o r s  

Residual  

T o t a l  

Source 

v 

G 

R 

S 

VG 

VR 

GR 

VGR 

Sum of 
Squares 

Degrees of 
Freedom 

Jariance 
k t i m a t e s  

F 
Ratios 



FIGURE 7 

N e t  Eff ic iency (NES), Incorporat ing a Deduction f o r  Standing 
Metabolism, Versus Rate of V e r t i c a l  Ascent. Means (+SD) a r e  
f o r  a l l  Grades, Replicat ions and Subjects .  
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FIGURE 8 

N e t  Eff ic iency (NES) , Incorporat ing a Deduction f o r  
Standing Metabolism, Versus Grade. Means ( S D )  a r e  
f o r  a l l  Rates of V e r t i c a l  Ascent, Repl ica t ions  and 
Subjects  . 
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N e t  Eff ic iency (NEH) , Incorporat ing a Deduction 
f o r  t h e  Energy cos t  of Horizontal  Walking 

The mean e f f i c iency  over a l l  t r i a l s  was 33.73 t 4.87%. A 

summary of the  ana lys i s  of variance of t h i s  measure of e f f i c i ency  i s  

given i n  Table X I I .  The only f a c t o r  found t o  be  s i g n i f i c a n t  was the  

r a t e  of v e r t i c a l  ascent  ( a t  t h e  1 .01 l e v e l )  and t h i s  e f f e c t  i s  shown 

i n  Figure 9 .  

It w i l l  be noted t h a t  t h e  standard devia t ions  of t h e  t h r e e  

measures of e f f i c i ency  inc rease  markedly i n  t h e  order GE, NES, NEH. 

This increased v a r i a b i l i t y  r e f l e c t s  t h e  increased r e l a t i v e  uncer ta in ty  

introduced whenever t h e  d i f fe rence  of two var iab les  i s  involved. When 

one va r iab le ,  z,  i n  a computation is  calcula ted  a s  t h e  d i f fe rence  of 

two o the r  va r iab les  x and y,  t h e  e r r o r  i n  z, 62, i s  given by, 

and t h e  r e l a t i v e  uncer ta in ty  z/Z by, 

where bx and by a r e  t h e  e r r o r s  i n  x and y. Thus i t  can be seen t h a t  

t h e  c lose r  t h e  values of x and y (as with t h e  energy c o s t  of grade 

walking and hor izon ta l  walking) t h e  g rea te r  i s  t h e  r e l a t i v e  uncertain- 

ty--and hence the  g r e a t e r  the  v a r i a b i l i t y  of the  data .  



TABLE X I 1  

Summary of t h e  Analysis of Variance of N e t  Eff ic iency,  (NEH), 
Incorporat ing a Deduction f o r  t h e  Energy Cost of 

Horizontal  Walking, Using an Addit ive 
Model with Pooling of Subject In te rac t ions  

Factors a r e  r a t e  of v e r t i c a l  ascent  (V), grade (G), ind iv idua l  repl ica-  
t i o n s  (R) and sub jec t  (S). 

Nature of Ef fec t  

Main f a c t o r s  and 

sub jec t s  

I n t e r a c t i o n s  

between p a i r s  

of f a c t o r s  

I n t e r a c t i o n  of 

3 f a c t o r s  

Residual 

Tota l  

Source 

v 

G 

R 

S 

VG 

VR 

GR 

VGR 

Sum of 
Squares 

Degrees of 
Freedom 

lar iance  
Sstimates 

F 
Rat ios  



FIGURE 9 

Net Efficiency (NEH), Incorporating a Deduction f o r  
Horizontal Walking, Versus Rate of Ver t i ca l  Ascent. 
Means (SD) a r e  f o r  a l l  Grades, Replications and 
Subjects. 
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CHAPTER V 

INTERPRETATIONS OF RESULTS AND DISCUSSION 

HEART RATE AND PULMONARY VENTILATION AS PREDICTORS 

OF ENERGY COST AND PHYSICAL WORK CAPACITY 

Heart Rate  and Phys i ca l  Work Capacity 

Heart r a t e  c o r r e l a t e d  w e l l  w i t h  work r a t e  f o r  i n d i v i d u a l  s u b j e c t s  

and r e g r e s s i o n  equat ions  were c a l c u l a t e d  t o  enable  e s t i m a t e s  of t h e  

p h y s i c a l  work capac i ty  a t  a h e a r t  rate of 170 (PWC170) t o  b e  made 

(Table XI I I ) .  

Sub jec t  

TABLE X I 1 1  

The C o r r e l a t i o n  Coef f i c i en t  ( r ) ,  Regression 
Equat ion (WR = a HR + b) and e s t ima ted  

PWC170 ('SD) f o r  t h e  Regression of 
Work Rate  (WR) i n  kgmlmin on 

Heart Rate (HR) 

Regression Equation 

W R =  1 3 . 3 1 H R -  74.0 

WR = 10.30 HR - 581.2 

WR = 14.64 HR - 917.0 

W~ 
= 14.91 HR - 983.9 

W~ 
= 12.37 HR - 887.5 

WR = 15.48 HR - 1094.4 



Heart Rate a s  a P red ic to r  of Energy Cost 

Absolute h e a r t  r a t e  and incremental h e a r t  r a t e  (working h e a r t  

rate--rest ing h e a r t  r a t e )  both proved t o  be r e l a t i v e l y  poor p red ic to r s  

of t h e  energy cos t  of h o r i z o n t a l  walking. This could be  a t t r i b u t e d  t o  

(a) t h e  r e l a t i v e  i n s t a b i l i t y  of r e s t i n g  h e a r t  r a t e  from one 

t e s t i n g  sess ion  t o  t h e  next 

(b) t h e  small  increment i n  h e a r t  r a t e  when proceeding from 

rest t o  hor izon ta l  walking. 

I n  the  case of grade walking cor re la t ions  between absolute  h e a r t  

r a t e  and energy cos t  and incremental h e a r t  r a t e  and energy cos t  were 

much higher and the  p red ic t ive  p roper t i e s  of t h e  r e l a t i o n s h i p s  consider- 

ably improved. This was due t o  t h e  much l a r g e r  increments i n  h e a r t  

r a t e  when proceeding from t h e  r e s t i n g  phase t o  t h e  grade walking phase. 

Absolute h e a r t  r a t e  was the  b e t t e r  p red ic to r  of energy cos t  of t h e  

two parameters and t h e  cor re la t ion  c o e f f i c i e n t s ,  regress ion equations 

and standard e r r o r s  of es t imate  f o r  t h e  regress ion of energy cos t  of 

grade walking on t h e  mean h e a r t  r a t e  f o r  each t r ia l  a r e  given i n  Table 

X I V .  The da ta ,  given f o r  each ind iv idua l  and f o r  the  group, i n d i c a t e s  

t h a t  group treatment leads  t o  some l o s s  of p red ic t ive  p rec i s ion .  

Andrews (1) and Dat ta  and Ramanathan (7) have used s e v e r a l  

d i f f e r e n t  work t a sks  t o  i n v e s t i g a t e  the  value of these  r e l a t i o n s h i p s  f o r  

energy expenditures. Andrews found t h a t  s u b s t i t u t i n g  l i n e a r  regress ion 

equations, ind iv idua l ly  computed f o r  each sub jec t ,  f o r  r e sp i ra to ry  

calorimetry increased t h e  average standard devia t ion of ind iv idua l  assess-  

ments by about 50 per  cent ,  from 0.37 t o  0.55 Kcallmin. I n  t h i s  



TABLE XIV 

The Corre la t ion  Coeff ic ient  ( r ) ,  Regression Equation 
(EG = aHR + b) and Standard Error  of Estimate (S) 

f o r  t h e  Regression of Energy Cost of Grade 
Walking (EG) i n  Kcal/min on Mean Heart 

Rate (HR) f o r  each Subject and f o r  
t h e  Group 

Subject r* Regression Equation S Kcal/min 

A l l  Subjects  0.80 EG = 0.111 HR - 4.31 1.44 

inves t iga t ion  t h e  inc rease  was more i n  t h e  order of 70 pe r  cent ,  from 

0.55 t o  0.94 Kcallmin. For regress ion equations based on grouped 

sub jec t s  but  homogenous t a sks  t h e  v a r i a t i o n  was about twice the  inherent  

v a r i a t i o n  of ind iv idua l  assessments made under labora tory  condit ions with 

resp i ra to ry  calorimetry.  Andrews concluded t h a t  t h e  regress ion method 

appears most s u i t a b l e  f o r  f i e l d  s t u d i e s  i n  which t h e  r a t e  of energy 

expenditure of l a r g e  numbers of workers a r e  t o  be est imated.  



5 3 

Pulamonary Vent i l a t ion  a s  a Predic tor  of Energy Cost 

Pulmonary v e n t i l a t i o n  cor re la ted  highly wi th  t h e  energy cos t  of 

both hor izon ta l  and grade walking and the  regress ion d a t a  f o r  both 

ind iv idua l  sub jec t s  and grouped sub jec t s  i s  given i n  Table XV. A 

t y p i c a l  regress ion l i n e  f o r  one subject  is shown i n  Figure 10. It 

w i l l  be noted: 

(a) t h a t  the  c o r r e l a t i o n s  were higher f o r  grade walking 

than f o r  hor izon ta l  walking. 

(b) t h a t  some pred ic t ive  precis ion i s  l o s t  when regress ion 

equations a r e  ca lcu la ted  f o r  grouped sub jec t s .  

(c) t h a t  the  cor re la t ions  a r e  higher and t h e  standard e r r o r s  

of es t imate  lower than f o r  t h e  corresponding regress ions  

between energy cos t  and h e a r t  r a t e .  

(d) t h a t  the re  is no s i g n i f i c a n t  p a t t e r n  t o  t h e  d i f fe rence  

between regress ion l i n e s  f o r  the  hor izon ta l  and grade 

walking. For t h e  grouped sub jec t s  the  s lopes  of t h e  

l i n e s  a r e  almost i d e n t i c a l  (Figure l l ) ,  though the  i n t e r -  

cept  on t h e  o rd ina te  i s  l e s s  f o r  hor izon ta l  walking, 

leading t o  s l i g h t l y  lower es t imates  of energy c o s t  f o r  

hor izon ta l  walking a t  a l l  l e v e l s  of v e n t i l a t i o n  observed 

i n  t h i s  s tudy.  

Datta and Ramanthan a l s o  inves t iga ted  the  p red ic t ive  p roper t i e s  of 

pulmonary v e n t i l a t i o n .  They obtained an average c o r r e l a t i o n  c o e f f i c i e n t  

of 0.90 f o r  energy cos t  of s t a i r  climbing and pulmonary v e n t i l a t i o n  and 

. 
a simple r e l a t i o n ,  E = 0.210 VE, which they claimed f i t t e d  d a t a  from 



TABLE XV 

The C o r r e l a t i o n  C o e f f i c i e n t  ( r ) ,  Regression Equation 
(E = a VE +b) and Standard E r r o r  of Es t imate  (S) 

f o r  t h e  Regression of (a )  Energy Cost of 
Hor izonta l  Walking (EH) i n  Kcal/min and 

(b) Energy Cost of Grade Walking (EG) 
in.Kcal/min on Pulmonary V e n t i l a t i o n  

(VE) i n  l /min f o r  Each Subjec t  and 

Subjec t  

AC 

RH 

JM 

GP 

AT 

MZ 

A l l  Sub jec t s  

- 

f o r  t h e  Group 

Regression Equation 

EH = 0.221 fE - 0.55 

EG = 0.198 fE + 0.88 

EH = 0.254 fE - 1.52 

E~ 
= 0.171 fE + 1.65 

EH = 0.227 fE - 1.16 

EG = 0.243 tE - 1.42 

EH = 0.194 fE - 0.44 

E~ 
= 0.200 \ + 0.49 

. 
EH = 0.228 VE - 1.16 

. 
EG = 0.210 VE - 0.55 

EH = 0.241 VE - 0.73 

. 
EG = 0.287 VE - 1.22 

E~ 
= 0.219 fE - 0.77 

EG = 0.215 tE - 0.12 



FIGURE 10 

The Regression Lines f o r  Energy Cost of (1) Grade Walking 
(unbroken Line) and (2) Horizontal  Walking (Dot-Dash Line) 
on Vent i l a t ion  f o r  One Subject (JM). The Individual  Values 
(Dots) and Standard Error  of Estimate (Broken Lines) a r e  
f o r  t h e  Grade Walking-Ventilation Relat ionship.  





FIGURE 11 

The Regression Lines f o r  Energy Cost of 
(1) Grade Walking (EG) and (2) Horizontal  
Walking (EH) on Pulmonary Vent i l a t ion  f o r  
A l l  Subjects  . 





d i f f e r e n t  sources s a t i s f a c t o r i l y  wi th in  allowable limits. I n  f a c t ,  

t h i s  r e l a t i o n  compares very c lose ly  t o  t h e  regress ion equation 

computed f o r  the  s i x  sub jec t s  i n  t h i s  study grade walking on a tread- 

m i l l .  Pulmonary v e n t i l a t i o n  of 50 l/min gives an est imated energy 

cos t  of 10.50 Kcal/min from the  equation of Dat ta  and Ramanathan and 

10.63 Kcallmin from t h e  equation obtained i n  t h i s  study. This i s  a 

very good agreement when one considers t h a t  t h e  n ine  s u b j e c t s  i n  Dat ta  

and Rammathan's study were sedentary o f f i c e  workers of mean weight 

52 kg, compared t o  t h e  s i x  a t h l e t i c  sub jec t s  of mean weight 79 kg 

used i n  t h i s  s tudy.  

Comparison of Heart Rate and Pulmonary Vent i l a t ion  
as Pred ic to r s  of Enerm Cost 

Dat ta  and Ramanthan concluded t h a t  pulmonary v e n t i l a t i o n  was 

a much b e t t e r  p red ic to r  of energy cos t  than h e a r t  rate although t h e  

cor re la t ion  c o e f f i c i e n t s  were comparable. They based t h i s  conclusion 

on t h e  super io r  agreement of observed and predic ted  values when t h e  

regress ion equations were applied t o  groups of sub jec t s  o the r  than t h a t  

from which t h e  regress ion equation had o r i g i n a l l y  been obtained. 

I 
By applying Hote l l ing 's  formula f o r  t e s t i n g  t h e  d i f fe rence  between 

cor re la ted  cor re la t ion  c o e f f i c i e n t s  i t  was shown t h a t  t h e  d i f fe rence  



between t h e  cor re la t ion  c o e f f i c i e n t  f o r  energy c o s t  and pulmonary 

v e n t i l a t i o n  (grouped sub jec t s )  and t h a t  f o r  energy cos t  and h e a r t  r a t e  

(grouped sub jec t s )  was  very s i g n i f i c a n t .  This seems t o  support  t h e  

claim by Datta and Ramanathan. 

The c o r r e l a t i o n  between h e a r t  r a t e  and pulmonary v e n t i l a t i o n  was 

0.94 and thus l i t t l e  was t o  be gained i n  p red ic t ive  power by computing 

a mul t ip le  c o r r e l a t i o n  c o e f f i c i e n t  (R). The R i n  f a c t  was 0.961, 

bare ly  g rea te r  than t h e  0.960 f o r  pulmonary v e n t i l a t i o n .  Simply from 

a p r a c t i c a l  point  of view t h e  s u p e r i o r i t y  of measuring pulmonary ven t i l a -  

t i o n  a s  opposed t o  h e a r t  r a t e  i n  a f i e l d  s i t u a t i o n  is evident .  Although 

the  advent of r ad io  telemetry has considerably s impl i f i ed  t h e  t a sk  of 

measuring h e a r t  r a t e  continuously, such apparatus is c o s t l y  and not  as 

adaptable t o  t h e  f i e l d  s i t u a t i o n .  The author ' s  personal  experience i n  

f i e l d  s i t u a t i o n s  wi th  small b a t t e r y  operated tape  recorders t o  record 

h e a r t  r a t e  i n d i c a t e s  t h a t  t h i s  method i s  unre l i ab le .  On the  o the r  hand, 

the  development of small  l ightweight  masks, valves and por tab le  resp i r -  

ometers has made t h e  measurement of pulmonary v e n t i l a t i o n  r e l a t i v e l y  

s t ra ight forward and p rec i se  (provided t h e  respiromater  i s  accura te ly  

ca l ib ra ted) .  

Thus t h e  use of pulmonary v e n t i l a t i o n  f o r  es t imat ing t h e  energy 

cos t  of work t a sks  has much t o  recomend i t  when the  h ighes t  l e v e l s  of 

p rec i s ion  a r e  not required.  A necessary condit ion,  however, is  t h a t  a  

r epresen ta t ive  sample of t h e  group t o  be measured a r e  t e s t e d  on t h e  

p a r t i c u l a r  t a s k  i n  order t o  obta in  a working regress ion equation of 

E on VE. It would be unwise t o  assume t h a t  regression equations such 
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as t h a t  obtained i n  t h i s  s tudy could be applied indiscr iminate ly  t o  a l l  

populat ions and work tasks .  

INTER-INDIVIDUAL AND INTRA-INDIVIDUAL, VARIABILITY OF ENERGY COST 

The s i x  t r i a l s  conducted during the  p i l o t  s tudy a t  one combination 

of t r eadmi l l  grade and speed afforded an opportunity t o  examine t h e  

in ter - individual  and in t ra- individual  v a r i a b i l i t y .  

In t ra- individual  v a r i a b i l i t y  may be considered a s  t h e  normal 

v a r i a t i o n  i n  energy cos t ,  from t r ia l  t o  t r ial ,  f o r  a  given sub jec t  

performing the  same t a s k  under i d e n t i c a l  condit ions.  This v a r i a t i o n  i s  

o f t e n  given a s  t h e  c o e f f i c i e n t  of va r ia t ion ,  i . e , ,  100 x SD/Mean. The 

c o e f f i c i e n t s  of v a r i a t i o n  f o r  t h e  s i x  sub jec t s  over t h e  s i x  trials were 

7.65%, 3 .44%,  2.29%, 2.13%, 9.69% and 6.56% respec t ive ly  giving an 

average of 5.38%. This compares favourably wi th  an average value of 

10.2% f o r  20 sub jec t s  t e s t e d  by Dumin and Namyslowski (12). The 

s u b j e c t s  i n  t h i s  study were measured f o r  ly ing,  s i t t i n g ,  walking and 

climbing, each measured on four  d i f f e r e n t  occasions. Erickson e t  a l . ,  

(13) obtained much lower c o e f f i c i e n t s  of v a r i a t i o n ,  namely 1.83%, 1.50% 

and 2.59% on t h r e e  sub jec t s  t e s t e d  s i x  times a t  a  t r eadmi l l  speed and 

grade of 2.5 mph and 10%. However these  sub jec t s  were l i v i n g  under t h e  

supervis ion of the  experimenters and t h e i r  regimen of s l e e p ,  d i e t  and 

a c t i v i t y  was c lose ly  supervised. 

In ter - individual  v a r i a b i l i t y  f o r  the  energy cos t  of the  s i x  grade 

walks was 17.1%. This reduced t o  6.7% when correc ted  f o r  body weight. 

Durnin and Namyslowski obtained a value of 16.7% f o r  t h e i r  20 sub jec t s  



while grade walking, while Erickson e t  a l . ,  obtained 9.37%, which 

reduced t o  3.99% when correc ted  f o r  body weight. 

In ter - individual  V a r i a b i l i t y  and Body Dimensions 

A considerable proport ion of t h e  in ter - individual  v a r i a b i l i t y  of 

energy cos t  is  due t o  the  v a r i a t i o n s  i n  body s i z e  of t h e  sub jec t s .  Two 

measures of body s i z e  a r e  f requent ly  quoted with respect  t o  t h e  inf luence  

of t h i s  va r iab le  on energy metabolism; these  a r e  body weight and body 

sur face  area.  The inf luence  of these  measures on t h e  energy expenditure 

of s tanding,  hor izon ta l  and grade walking, and recovery is  shown i n  

Table XVI. The l a r g e s t  reduction i n  in ter - individual  v a r i a t i o n  of the  

TABLE XVI 

In ter - individual  Coeff ic ients  of Variat ion (%) of Three 
Measures of Energy Expenditure f o r  a l l  Phases 

of A l l  T r i a l s  

Gross energy cos t  

Energy cos t  pe r  u n i t  
body weight 

Energy cos t  pe r  u n i t  
BS A 

Standing 

energy cos t  of s tanding was produced by an adjustment f o r  body surface  

area .  This i s  i n  agreement with t h e  general ly accepted view t h a t  

r e s t i n g  o r  b a s a l  metabolism i s  a function of body sur face  area.  I n  t h e  

case of t h e  exerc i se  phases of t e s t i n g  and recovery, the  g r e a t e s t  

Horizontal  
Walking 

9 .O 

3.8  

Grade 
Walking 

12 .O 

0.9 

R e  cove ry 

11.9 

3.8 



reduction i n  in ter - individual  v a r i a b i l i t y  occurred when energy cos t  

was correc ted  f o r  body weight. The reduction f o r  grade walking was 

very marked; about 93% of t h e  in ter - individual  v a r i a b i l i t y  was removed 

when the  v a r i a t i o n s  i n  body weight of t h e  s i x  sub jec t s  was taken i n t o  

account. It would appear t h a t  where gross movements of the  whole body 

a r e  involved as  i n  grade walking the  p r i n c i p a l  cause of in ter - individual  

v a r i a b i l i t y  is  v a r i a t i o n  i n  body weight. 

In t ra- individual  V a r i a b i l i t y  and R e l i a b i l i t y  

Erickson - e t  * a 1  9 (13) have indicated  t h a t  t h e  changes produced 

by control led  independent va r iab les  ( i n  t h i s  ins tance  r a t e  of v e r t i c a l  

ascent  and grade) must be much g rea te r  than t h e  random v a r i a t i o n s  

produced by uncontrolled f a c t o r s  i f  the  r e s u l t s  of an experiment a r e  

t o  be considered r e l i a b l e .  I n  t h i s  inves t iga t ion  random v a r i a t i o n s  

amount t o  5 per cent ,  (Table I V ,  p. 24), a  very small proport ion of 

the  changes induced by changing the  r a t e  of v e r t i c a l  ascent  o r  grade. 

ENERGY COST OF STANDING 

The average energy cos t  of s tanding f o r  a l l  t r i a l s  and a l l  

sub jec t s  was 1.560 Kcallmin. Andrews (1) obtained average cos t  of 

1.46 Kcal/min f o r  relaxed standing with s i x  sub jec t s  whose mean weight 

was 75 kg. Correct ing t h i s  value t o  t h e  mean weight of the  sub jec t s  

i n  t h i s  study ( there  is  no d a t a  on t h e i r  B.S.A.) produces a highly 

comparable value of 1.54 Kcal/min. The sub jec t s  of t h e  former study 

a l s o  had a very s i m i l a r  average h e a r t  r a t e  t o  t h a t  of those i n  t h i s  

s tudy,  79.0 and 77.4 respect ively .  



ENERGY COST OF HORIZONTAL WALKING 

Cotes and Meade (6) obtained a highly s i g n i f i c a n t  l i n e a r  

r e la t ionsh ip  between t h e  energy cos t  of hor izon ta l  walking and t h e  square 

of the  speed.' A s i m i l a r  r e la t ionsh ip  was noted i n  t h i s  s tudy and 

regress ion d a t a  i s  given i n  Table X V I I .  For t h e  grouped sub jec t s  the  

TABLE X V I I  

The Corre la t ion  Coeff ic ient  ( r ) ,  Regression Equation 
2 +b) and Standard Error  of Estimate (S) 

(EH f o r  = a t h e  V% egression of Energy Cost of Horizontal  
Walking (EH) i n  Kcallmin on t h e  Square of t h e  
Horizontal  Speed ( v ~ )  i n  mph f o r  Each Subject  

Subject Regression Equation 

For t h e  purposes of this study t h e  speed of t h e  t r eadmi l l  a t  any 
i n c l i n a t i o n  w i l l  be denoted by VG mph. The component of t h i s  speed i n  
t h e  v e r t i c a l  plane w i l l  be denoted by vv mph (= V/5280 f t l h r ) .  The 
component i n  t h e  hor izon ta l  plane w i l l  be denoted by VH mph. When t h e  
grade i s  zero VG = v~ and t h e  l a t t e r  symbol w i l l  always be used i n  
t h i s  context.  



r e g r e s s i o n  equat ion  was E = 0.232 vH2 + 2.62 w i t h  r = 0.86 and t h e  H 

s t a n d a r d  e r r o r  of e s t i m a t e  = 0.46 Kcal/min. This  equat ion  i s  s i m i l a r  

t o  t h a t  der ived  by Cotes and Meade f o r  10  s u b j e c t s  of l i g h t e r  b u i l d ,  

Body weight  a l s o  in f luenced  t h e  energy c o s t  of h o r i z o n t a l  walking 

and a d j u s t i n g  t h e  energy c o s t  t o  a common body weight l e d  t o  an inc reased  

c o r r e l a t i o n  between energy c o s t  and v e l o c i t y  squared.  This  reduced t h e  

c o e f f i c i e n t  of v a r i a t i o n  of t h e  es t imated  energy c o s t  from 9.8% t o  7.6%. 

T h i s  r e l a t i o n s h i p  of energy c o s t  t o  t h e  square  of t r e a d m i l l  speed i s  

t o  be  expected s i n c e  energy expendi ture  should,  accord ing  t o  Rals ton  

(23),  b e  a f u n c t i o n  of k i n e t i c  energy. Rals ton  obta ined  similar 

r e l a t i o n s h i p s  between energy expendi ture  and h o r i z o n t a l  speed i n  a s tudy 

of 12  men and 7 women. He found no s i g n i f i c a n t  d i f f e r e n c e s  due t o  s e x  

and showed t h a t  one equat ion  adequately p r e d i c t e d  t h e  energy c o s t  p e r  

u n i t  body weight  f o r  speeds up t o  100 m/min ( c l o s e  t o  4 mph). Above 

t h a t  speed Rals ton  observed t h a t  t h e r e  w a s  some l o s s  of l i n e a r i t y  which, 

h e  claimed, w a s  t o  b e  expected a t  h ighe r  l e v e l s  of metabol ic  a c t i v i t y .  

The Optimal Veloc i ty  of Hor i zon ta l  Walking 

I f  t h e  energy c o s t  of h o r i z o n t a l  walking i s  denoted by E Kcal/min H 

body weight  by W kg, and t h e  h o r i z o n t a l  speed by v mph then  t h e  gene ra l  H 

equa t ion  r e l a t i n g  RH and v i s  given by: H 

where a and b a r e  cons t an t s  (2.62 and 0.232 r e s p e c t i v e l y  f o r  t h e  equat ion 



obta ined  i n  t h i s  s tudy) .  Mul t ip ly ing  

601W.v equat ion  (2) i s  obtained.  
H 

both s i d e s  of equa t ion  (1) by 

S impl i fy ing  t h i s  equat ion  w e  ob ta in :  

where E Kcal /mile/kg i s  t h e  energy c o s t  of h o r i z o n t a l  

(3) 

walking i n  Kcal 

p e r  mi le  p e r  ki logram body weight and a' and b '  are new cons t an t s .  

This  equat ion  r e p r e s e n t s  a hype rbo l i c  curve concave upwards. A s  vH 

approaches ze ro  o r  i n d e f i n a t e l y  l a r g e  va lue  E becomes i n d e f i n a t e l y  

l a r g e .  E has  a minimum va lue  which can b e  determined by d i f f e r e n t i a t i o n  

w i t h  r e spec t  t o  vH and equa t ing  t o  zero.  When Rals ton  (23) app l i ed  t h i s  

procedure t o  h i s  d a t a  on t h e  energy c o s t  of h o r i z o n t a l  walking he  

obta ined  a hyperbola w i t h  a minimum va lue  f o r  E of 0.78 Kcal/Km/kg when 

t h e  v e l o c i t y  w a s  7 4  m/min (2.76 mph) . This  curve was based on average 

va lues  and was almost f l a t  between approximately v = 65 and vH = 85 m/min H 

(2.42 t o  3.17 mph). Rals ton  observed t h a t  when a s u b j e c t  w a s  t o l d  t o  

walk a t  a "na tura l"  o r  "comfortable" speed he  adopted a speed a t  o r  

c l o s e  t o  t h e  minimum f o r  t h e  curve. 

From t h e  s tudy  by Cotes and Meade (6) i t  would appear  t h a t  t h e  

opt imal  speed i s  t h a t  a t  which t h e  amount of l i f t  work (def ined  a s  t h e  

product  of l i f t  p e r  s t e p ,  s t e p  frequency and body weight)  done i s  a 

minimum. At speeds below o r  above t h e  opt imal  va lue  t h e  s t e p  frequency 



and l i f t  per  s t e p  change t o  values which increase  t h e  amount of l i f t  

work per u n i t  d i s t ance  covered. Cotes and Meade obtained minimal 

energy expenditure a t  an optimal speed of 3.5 mph f o r  10 young male 

sub jec t s .  Both Ralston and Cotes and Meade found t h a t  t h e  energy cos t  

of q u i e t  s tanding was less than the  value predic ted  by t h e  regress ion 

l i n e s  f o r  v = 0.  Ralston observed t h a t  t h e  predic ted  energy cos t  when 
H 

v = 0 was c lose  t o  t h e  energy cos t  of t h e  slowest speed compatible H 

with  normal balance. I n  t h i s  inves t iga t ion  t h e  value of E when v = 0 
H H 

w a s  2.62 Kcal/min, w e l l  i n  excess of the  standing value  of 1.56 Kcallmin. 

When t h e  same computations were made on t h e  l i n e a r  regress ion 

equation obtained i n  t h i s  inves t iga t ion  f o r  grouped s u b j e c t s  t h e  curve 

E = 0 . 7 6 ~  + 1 . 9 9 1 ~ ~  w a s  derived (Figure 12) . This had a minimum value H 

of 1.84 Kcal/mile/kg (0.74 Kcal/Km/kg) a t  a  ve loc i ty  of 3.36 mph 

(90 m/min). Thus t h e  minimal value was very c l o s e  t o  t h a t  found by 

Ralston but  a t  a  somewhat higher ve loc i ty .  The optimal ve loc i ty  was 

c lose  t o  t h a t  determined by Cotes and Meade. It would be of i n t e r e s t  

t o  e l u c i d a t e  those f a c t o r s  which determine t h e  optimal speed f o r  an 

ind iv idua l .  Table X V I I I  gives the  indices  (energy cos t  and speed) f o r  

the  minimum point  on t h e  ind iv idua l  curves computed f o r  each sub jec t  

from t h e  regress ion l i n e s  of energy cos t  on t h e  square of speed. A 

s u p e r f i c i a l  examination reveals  no re la t ionsh ip  between e i t h e r  t h e  

optimal speed o r  minimum energy c o s t  and body dimensions such a s  height  

and weight. There does appear t o  be a s l i g h t  tendency f o r  a  low e f f i c -  

iency ( i .e . ,  high energy cos t  per  u n i t  d i s t ance  per  u n i t  body weight) 

t o  be associa ted  wi th  a low optimal speed. However, t h e  c o r r e l a t i o n  



FIGURE 1 2  

The Energy Cos t  o f  H o r i z o n t a l  Walking P e r  U n i t  
D i s t a n c e  P e r  U n i t  Body Weight Versus  Speed. 
Der ived  from t h e  L i n e a r  R e g r e s s i o n  o f  Energy 
Cos t  on Speed. 





TABLE XVIII 

The Minimum Energy Cost of Horizontal  Walking 
f o r  Each Subject and t h e  Speed a t  

which the  Minimum is Attained 
(Optimal Speed). Grouped 

Data Shown f o r  
Comparison 

Subject 

Group 

Optimal Speed 
mph 

Minimum Energy Cost of Walking 

c o e f f i c i e n t  of -0.54 i s  not  s i g n i f i c a n t .  Fur ther  i n v e s t i g a t i o n  of t h i s  

aspect  of energy expenditure would be of i n t e r e s t .  

ENERGY COST OF GRADE WALKING 

The energy cos t  of grade walking showed a range from 5.09 Kcal/min 

f o r  JM a t  1.55 mph and 16% t o  20.02 f o r  MZ a t  3.65 mph and 12%. Pugh (22) 



developed a r e g r e s s i o n  equat ion  f o r  oxygen uptake on t h e  e x t e r n a l  work 

done i n  cl imbing a h i l l  w i t h  a n  average grade of 20%. Table  XIX g ives  

a comparison of t h e  observed energy c o s t s  f o r  one s u b j e c t  walking a t  

t h r e e  d i f f e r e n t  speeds a t  20% grade  and t h e  va lues  p r e d i c t e d  by Pugh's 

equat ion .  The agreement i s  q u i t e  c lo se .  

TABLE X I X  

A Comparison of P red ic t ed  and Observed i i n  l/min f o r  
O 2 

Subjec t  AC Grade Walking a t  20%. P r e d i c t e d  Values 

Calcula ted  from t h e  Regression Equation of 

Pugh (22) : % = 0.509 + 0.00166 W, 
2 

Where W is  Ex te rna l  Work Rate  

EFFICIENCY OF GRADE WALKING 

Speed 
m ~ h  

1.25 

1.74 

2.22 

The va lues  obta ined  i n  t h i s  s tudy  f o r  t h e  t h r e e  measures of 

e f f i c i e n c y  are of t h e  same o r d e r  a s  those  obta ined  by o t h e r  i n v e s t i g a t o r s  

(Table XX). A comparison of t h e  gross  e f f i c i e n c i e s  obta ined  by t h e  

au tho r  i n  two d i f f e r e n t  s t u d i e s  a r e  of some i n t e r e s t  s i n c e  t h e  methods 

used f o r  measuring energy c o s t  were b a s i c a l l y  t h e  same. The e f f i c i e n c i e s  

Work Rate  
Kgmlmin 

543 

743 

956 

!redieted 

V02s urnin 

1 .41  

1.74 

2.10 

Observed i 
O2 

1 /min 

1.49 

1.66 

2.20 



obta ined  on t h e  two female s u b j e c t s  were s i g n i f i c a n t l y  h i g h e r  than  

those  f o r  t h e  s i x  male s u b j e c t s  used i n  t h e  p r e s e n t  s tudy ,  d e s p i t e  

t h e i r  wearing heavy boots  i n  h a l f  t h e  t r ials  ( t h i s  w a s  shown t o  reduce 

e f f i c i e n c y ) .  Boogens and Keat ings (5) observed t h e  same phenomena 

and suggested t h a t  women expend l e s s  energy than  men because they  t ake  

s h o r t e r  s t r i d e s  r e l a t i v e  t o  t h e  l eng th  of t h e i r  l e g s  and thus  do l e s s  

l i f t  work f o r  a given d i s t a n c e  covered. Rals ton  (23),  however found 

no s i g n i f i c a n t  d i f f e r e n c e  between h i s  male and female s u b j e c t s .  

TABLE XX 

A Comparison of Some E f f i c i e n c i e s  of Grade Walking 
Obtained by Various I n v e s t i g a t o r s .  

The Values Given are E i t h e r  
Means (+SD) o r  Ranges 

-- 

Source 

P resen t  Study 

Erickson 
e t  a l .  (13) -- 

Durnin* (11) 

Pugh* (22) 

Range of 
Grades % 

E f f i c i e n c y ,  % 

Range of 
Speeds GE 

mph 

1 -1.6 18.3-27.7 
mean 22.6 

* F i e l d  s t u d i e s  w i th  some l i g h t  l oad  ca r ry ing .  

Female s u b j e c t s  w i t h  some load  ca r ry ing  and wearing of heavy 
boo t s  which reduced e f f i c i e n c y  ( s i g n i f i c a n t ) .  



The Influence of Rate of Ver t i ca l  Ascent and Grade on Efficiency 

Gross Efficiency 

The i n t e r ac t i on  of the  two fac tors  r a t e  of v e r t i c a l  ascent and 

grade was s i gn i f i c an t  (Table X, p. 38, Figure 2 ,  p. 39). To determine 

between which l eve l s  of these  fac tors  the  di f ferences  were s i gn i f i c an t  

the  Duncan Test was applied,  and the  r e su l t s  of t h i s  a r e  shown i n  

Table XXI. A t  a r a t e  of ascent of 1300 f t / h r  (which corresponded t o  

TABLE XXI 

Results of the  Duncan Test t o  Determine the  Levels of 
Grade (G) Between which Differences of Gross 

Efficiency a r e  Signif icant .  The Test 
w a s  made f o r  Each Rate of 

Ver t i ca l  Ascent (V) . 

Rate of 
Ver t i ca l  
Ascent 

NS not s i gn i f i c an t  

Grade 

G3 



an average work load of about 520 Kgm/min f o r  t h e  sub jec t s )  only those 

d i f fe rences  between a grade of 12% and the  o thers  were s i g n i f i c a n t .  

A t  t h e  higher r a t e s  of ascent  (equivalent t o  about 720 and 920 Kgm/min 

of work) t h e  grade d i f f e r e n t i a l  had t o  be 8% o r  more i n  order f o r  

the re  t o  be a s i g n i f i c a n t  d i f fe rence  i n  efficiency--with t h e  exception 

i n  a l l  cases of t h e  12 t o  16% i n t e r v a l .  The way i n  which e f f i c iency  

changed with grade was r a t h e r  s i m i l a r  i n  t h e  case of t h e  two highes t  

r a t e s  of ascent .  Tes ts  f o r  l i n e a r ,  quadra t ic  and cubic t rends  were 

a l l  non-signif icant .  The way i n  which t h e  e f f i c iency  appeared t o  

approach an asymptotic l e v e l  suggested a hyperbola of t h e  form y=a/x+b. 

This was confirmed by the  high negative cor re la t ions  obtained between 

e f f i c iency  and t h e  rec ip roca l  of the  grade (Table XXII). An ana lys i s  

of l i n e a r  t rend (using unequal in te rva l  adjustments) was highly s i g n i f i -  

cant .  The asymptotic l e v e l s  a r e  those obtained a s  G -t w, t h a t  is  24.74% 

TABLE X X I I  

Corre la t ion  Coeff ic ients  ( r ) ,  Regression Equations and 
Standard Errors  of Estimate (S) f o r  t h e  

Regression of Gross Eff ic iency (GE) 
on t h e  Reciprocal of Grade (G) 

f o r  t h e  Two Highest Rates 
of V e r t i c a l  Ascent 

Rate of V e r t i c a l  
Ascent f t /hr  

1800 

2300 

Regression Equation 

GE = 24.74 - 7 79.09 

95.18 
GE = 25.73 - - 

G 

r* 

-0.997 

-0.971 

S % 

0.10 

0.37 
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and 25.73% respec t ive ly  f o r  rates of ascent  of 1800 f t l h r  and 2300 f t l h r .  

Very s i m i l a r  curves w e r e  obtained f o r  both gross e f f i c i e n c y  and n e t  

e f f i c i ency  (NES) when e f f i c i e n c y  versus grade was compared over a l l  

r a t e s  of ascent  (Figure 4 p. 41, Figure 8 p. 46). Margaria (18) has 

observed t h a t  when walking up increas ing i n c l i n e s  t h e  n e t  e f f i c i ency  

(NES) tends t o  25%, a value which i s  maintained constant  f o r  i n c l i n e s  

from 20% t o  40%. This is  i n  agreement with t h e  t rend shown by t h e  

curve i n  Figure 8, p. 46. Margaria c r e d i t s  t h i s  increased e f f i c i e n c y  

at  higher grades t o  two f a c t o r s :  

1. a t  h igher  grades t h e  cen t re  of g rav i ty  no longer o s c i l l a t e s  

v e r t i c a l l y  but  moves i n  one d i r e c t i o n  only. Thus, no 

l i f t  work is wasted. 

2. a t  higher grades the  work r e s u l t i n g  from speed changes 

a t  every s t e p  a r e  n e g l i g i b l e  because of t h e  slower speeds 

involved. 

The asymptotic values quoted f o r  t h i s  s tudy must be i n t e r p r e t e d  

wi th  caution s i n c e  i t  i s  unwise t o  p red ic t  beyond t h e  range covered by 

t h e  o r i g i n a l  observations unless the re  i s  a l o g i c a l  reason, based on 

o the r  knowledge, t o  be l i eve  t h a t  t h e  l i n e a r  r e l a t i o n  would hold t r u e  

beyond t h e  observed range. 

The d i f f e r e n t  curve obtained a t  a r a t e  of ascent  of 1300 f t / h r  

remains t o  be explained. Tes ts  f o r  l i n e a r ,  quadra t i c  and cubic t rends  

were a l l  s i g n i f i c a n t  and t h e  r e s u l t  the re fo re  ambiguous. A t  t h i s  low 

r a t e  of v e r t i c a l  ascent  t h e  speeds necessary t o  a t t a i n  t h i s  r a t e  were 

very slow. A s  has a l ready been noted, t h e  energy cos t  of walking 
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hor izon ta l ly  a t  these  slow speeds was e levated  above t h e  optimal value 

and t h i s  would tend t o  counteract  t h e  inherent  advantage of a  high 

i n c l i n e .  A t  1300 f t l h r  t h e  gross e f f i c iency  over a l l  grades was lower 

than f o r  the  h ighes t  r a t e s  of ascent .  This was due t o  a much higher 

proport ion of t h e  energy cos t  of the  grade walking being contr ibuted by 

t h e  r e s t i n g  metabolism a t  a  low work r a t e  a s  compared t o  higher inten- 

s i t i e s  of work. This is  shown by the  f a c t  t h a t  t h e  n e t  e f f i c i ency  (NES) 

a t  t h i s  lowest r a t e  was not  l e s s  than f o r  t h e  h ighes t  r a t e s  of v e r t i c a l  

ascent .  I n  order t o  e luc ida te  t h i s  f u r t h e r  we may consider a hypothet ica l  

case i n  which the re  a r e  th ree  d i f f e r e n t  r a t e s  of v e r t i c a l  ascent  which 

produce work loads of 1, 2 and 3 Kcallmin respect ively .  I f  w e  assume 

t h a t  t h e  n e t  e f f i c i ency  (NES) is 25% i n  a l l  cases then t h e  d i f fe rence  

i n  energy cos t  between grade walking and s tanding w i l l  be  4 x 1 = 4, 

4 x 2 = 8, and 4 x 3 = 12 Kcallmin respect ively .  I f  the  s tanding 

metabolism is i n  a l l  cases 1.5 Kcallmin then t h e  t o t a l  metabolism of 

grade walking w i l l  be 5.5, 9.5 and 13.5 Kcallmin respect ively .  Gross 

e f f i c i e n c i e s  w i l l  thus be 115.5 x 100 = 18.2%, 219.5 x 100 = 21.1% 

and 3113.5 x 100 = 22.2% respect ively .  Thus although a l l  t h r e e  work 

t a sks  have t h e  same n e t  e f f i c i ency  t h e  gross e f f i c i e n c i e s  d i f f e r  because 

of t h e  uneven contr ibut ion of s tanding metabolism t o  t h e  t o t a l  cos t .  

The general  t rend of e f f i c i ency  due t o  t h e  inf luence  of speed 

and grade a r e  w e l l  i l l u s t r a t e d  by the  curves i n  Figure 13. The curves 

have been drawn freehand and follows the  general  form shown by Margaria 

(18). The n e t  energy expenditure (d i f ference  between t h a t  f o r  grade 

walking and standing) per  u n i t  body weight per  u n i t  d i s t ance  covered i s  



FIGURE 1 3  

The N e t  Energy Cost of Grade Walking (Deduction f o r  
Standing Metabolism) Pe r  Uni t  Dis tance  P e r  Un i t  Body 
Weight a s  a Function of Speed and Grade (%). 
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a function of both speed and grade. As t h e  grade inc reases  s o  t h e  

turning point  becomes sharper  and t h e  optimal ve loc i ty  increases .  

Presumably, t h e  optimal ve loc i ty  approaches t h e  value f o r  hor izon ta l  

walking as G + 0. 

The r e p l i c a t i o n  f a c t o r  was found t o  be very s i g n i f i c a n t  indica t -  

i n g  a progressive decrease i n  e f f i c iency  from t r ia l  one through t o  

t r i a l  th ree .  This c o n f l i c t s  with t h e  evidence of Durig (9) who found 

small increases  i n  e f f i c iency  during the  course of a  day, and with 

Durnin (11) who found no de tec tab le  d i f fe rences  due t o  e i t h e r  p r a c t i c e  

o r  f a t igue .  It i s  poss ib le  t h a t  d i f ferences  i n  t h e  i n t e n s i t y  of the  

exerc i se  and t h e  frequency and durat ion of r e s t  pauses could account 

f o r  t h e  d i f f e r e n t  observations.  This is  supported by the  f a c t  t h a t  

t h e  r e p l i c a t i o n  f a c t o r  was not  s i g n i f i c a n t  i n  t h e  ana lys i s  of var iance  

of t h e  n e t  e f f i c i ency  (NES), suggest ing t h a t  t h e  g r e a t e r  energy cos t  

of walking i n  t h e  second and t h i r d  trials was due t o  continuing repay- 

ment of the  oxygen debt from t h e  previous t r ial .  

Net Eff ic iency 

There were fewer ins tances  and a l e s s e r  degree of s ign i f i cance  

between t h e  l e v e l s  of f a c t o r s  than f o r  gross e f f i c i ency .  This may have 

been due, a t  l e a s t  i n  p a r t ,  t o  t h e  g r e a t e r  v a r i a b i l i t y  of the  da ta ,  

i t s e l f  a  r e f l e c t i o n  of the  manner i n  which n e t  e f f i c i ency  was ca lcula ted .  

N e t  Eff ic iency , NES . 
The main f a c t o r s ,  r a t e  of v e r t i c a l  ascent  and grade, were s t i l l  

very s i g n i f i c a n t .  The genera l  inf luence  of grade was a s  i n  t h e  computa- 

t i o n  of gross e f f i c i ency ,  although t h e  ca lcu la ted  e f f i c i e n c i e s  were a 
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few percent higher.  I n  t h e  case of r a t e  of v e r t i c a l  ascent,  however, 

the  influence was reversed (Figure 3 ,  p . 40, Figure 7, p . 45) , t he  

highest  r a t e  of v e r t i c a l  ascent being associated with the  lowest 

ef f ic iency.  This has already been explained i n  p a r t  by the  non-uniform 

contribution of standing metabolism t o  the  t o t a l  cost  of walking. 

Nevertheless t h i s  observation does not  explain why the  n e t  ef f ic iency 

of the highest  r a t e  of v e r t i c a l  ascent is  s ign i f i c an t l y  lower than f o r  

the  o ther  two r a t e s .  

N e t  Efficiency,  NEH. 

The s eve r i t y  of grade seemed t o  have no s ign i f i c an t  influence on 

NEH. This supports the  view tha t  i t  is dif ferences  i n  t he  economy of 

the  hor izontal  component of grade walking which la rge ly  contr ibute  t o  

the  highly s i gn i f i c an t  d i f ferences  between t he  gross e f f i c iency  of 

walking up varying inc l ines .  The only s i gn i f i c an t  d i f fe rence  found i n  

t he  analysis  of variance of NEH was between the  l eve l s  of t he  r a t e  of 

v e r t i c a l  ascent.  The decrease i n  eff ic iency w a s  almost l i n e a r  from 

1300 f t / h r  t o  2300 f t / h r  (Figure 9 ,  p. 49) .  It i s  d i f f i c u l t  t o  f ind  

any p laus ib le  explanation f o r  t h i s  trend. 

From the  r e s u l t s  of t h i s  invest igat ion i t  i s  obvious t ha t  the  

analysis  of three  measures of eff ic iency has l ed  t o  some in s igh t  i n t o  the  

energet ics  of grade walking which could not have been obtained from a 

simple consideration of gross eff ic iency.  Evidence from t h i s  study 

suggests t h a t  the  ne t  ef f ic iency invorporating a deduction f o r  the  energy 

cost  of r e s t i ng  i s  the  bes t  s ing le  measure of e f f i c iency ,  but  t h a t  f o r  

p r a c t i c a l  appl icat ions  such as  the design of ramps and trails t o  minimize 

o r  maximize e f f o r t  gross eff ic iency i s  of more use. 



CHAPTER V I  

SUMMARY 

The technique of measuring energy expenditure by open-circuit  

respirometry using a por tab le  respirometer  t o  c o l l e c t  a sample and t o  

measure the  volume of expired gas was found t o  have acceptable  l e v e l s  

of p rec i s ion  and r e l i a b i l i t y .  Some rese rva t ions  have been made on t h e  

use  of b rea th  by b rea th  gas analysers  t o  analyse  t h e  samples of expired 

air because of 

( i )  t h e  problem of e s t a b l i s h i n g  an accura te  b a s e l i n e  

( i i )  t h e  problem of s h i f t i n g  s e n s i t i v i t y  

( i i i )  t he  r e l a t i v e l y  l a r g e  number of poss ib le  sources of e r r o r  

i n  t h e  c a l i b r a t i o n  of t h e  analyser .  

P red ic t ion  of energy cos t  of a gross dynamic muscular work t a s k  

from t h e  pulmonary v e n t i l a t i o n  and, t o  a l e s s e r  e x t e n t ,  h e a r t  r a t e  

was found t o  have p r a c t i c a l  usefulness i n  circumstances where t h e  

h ighes t  order  of accuracy i s  no t  required.  However, t h e  regress ion  

r e l a t i o n s h i p  t o  be  used must be  ca lcu la ted  by t e s t i n g  a represen ta t ive  

sample of t h e  populat ion t o  b e  measured on t h e  p a r t i c u l a r  work t a s k  

involved. 

The in f luence  of body s i z e  on energy metabolism was examined and 

i t  was found t h a t  of t h e  two measures of body s i z e  considered i n  t h i s  

i n v e s t i g a t i o n  body s u r f a c e  a r e a  was more c lose ly  r e l a t e d  t o  metabolism 

a t  rest, while body weight was more c lose ly  r e l a t e d  t o  metabolism during 

e x e r c i s e  and recovery. 
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The l i n e a r  r e l a t i o n s h i p  between t h e  energy cos t  of hor izon ta l  

walking and t h e  square of i t s  ve loc i ty  was confirmed and from computed 

regress ion l i n e s  minimal energy expenditure and optimal ve loc i ty  values 

were ca lcu la ted  f o r  each sub jec t .  These showed considerable i n t e r -  

ind iv idua l  v a r i a t i o n  f o r  which the re  was no s a t i s f a c t o r y  explanation.  

The gross e f f i c iency  of grade walking was found t o  be g r e a t l y  

influenced by t h e  r a t e  of v e r t i c a l  ascent  and grade, and by t h e  i n t e r -  

ac t ion  of these  two f a c t o r s .  Gross e f f i c iency  increased as t h e  r a t e  of 

v e r t i c a l  ascent  increased.  This was p a r t l y  due t o  t h e  decreasing propor- 

t i o n a l  contr ibut ion of s tanding metabolism t o  t h e  t o t a l  metabolism as 

t h e  i n t e n s i t y  of t h e  work t a s k  increased.  Gross e f f i c i e n c y  increased 

wi th  inc reas ing  grade and t h i s  was found t o  be due t o  d i f fe rences  i n  

t h e  economy of t h e  hor izon ta l  component of walking. The f a c t o r  repl ica-  

t i o n  of t r i a l s  was a l s o  found t o  be  s i g n i f i c a n t  but  i t  was deduced t h a t  

t h i s  was due t o  t h e  accruing oxygen debt from one t r i a l  t o  t h e  n e s t  as  

these  t r i a l s  were a l l  performed on the  same day. When t h e  n e t  e f f i c i ency  

(NES), ca lcu la ted  using a deduction f o r  s tanding metabolism, was con- 

s ide red  r e p l i c a t i o n  was no longer s i g n i f i c a n t .  

NES increased with inc rease  i n  grade, p a r a l l e l l i n g  t h e  trend 

observed i n  the  gross e f f i c iency .  It decreased, however, wi th  an 

inc rease  i n  t h e  r a t e  of v e r t i c a l  ascent ,  a  r e v e r s a l  of t h e  order observed 

i n  t h e  gross e f f i c iency .  This could p a r t l y ,  but  not  e n t i r e l y ,  be ex- 

plained a s  due t o  t h e  decreasing propor t ional  contr ibut ion of s tanding 

metabolism t o  t h e  t o t a l  metabolism a s  t h e  i n t e n s i t y  of t h e  work t a s k  

increased.  
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The ne t  ef f ic iency (NEH) calculated using a deduction f o r  the  

metabolism of hor izontal  walking was found t o  be s i gn i f i c an t l y  influenced 

only by the  r a t e  of v e r t i c a l  ascent.  The l i n e a r  decrease i n  NEH with 

increase  i n  the  r a t e  of v e r t i c a l  ascent remains t o  be explained. 

It was concluded t ha t  gross eff ic iency is  the  only measure of 

e f f i c iency  which has p r a c t i c a l  appl icat ions  but  t ha t  a consideration 

of NES and NEH produces some in t e r e s t i ng  ins igh ts  i n t o  the  nature  of 

t readmil l  walking. 
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APPENDIX 1 

COMPUTER PROGRAMME FOR CALCULATING 

VARIOUS PARAMETERS INVOLVED I N  

UPHILL WALKING 
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APPENDIX 2 

COMPUTER PROGRAMME FOR THREE 

FACTOR ANALYSIS OF 

VARIANCE 
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APPENDIX 3 

HEART RATE, RESPIRATORY GASES, AND ENERGY COST FOR THE S I X  

PILOT STUDY TRIALS AT A TREADMILL SPEED OF 2.9 MPH 

AND GRADE OF 18%. EACH TABLE SHOWS THE 

DATA FOR ONE SUBJECT: UPPER 

VALUES ARE MEANS, LOWER 

VALUES ARE STANDARD 

DEVIATIONS 



MEANS AND STANDARD DEVIATIONS 

SUBJECT: AC 

I 

Phase of T r i a l  

Standing 

Horizontal Walking 

Grade Walking, 
5 th  & 6th min. 

Grade Walking 
9th  & 10th min. 

Recovery, f i r s t  
5 min. 

Recovery, second 

O % C O %  
2~ 

18.11 

0.24 

17.16 

0.48 

16.51 

0.33 

16.41 

0.24 

17.36 

0.18 

18.00 

0.49 

HR 

7 3 

5 

84 

5 

140 

5 

146 

6 

114, 91, 
869 8 4 y  
83 

83, 84 

2~ 

2.16 

0.28 

2.68 

0.34 

3.72 

0.23 

3.79 

0.26 

3.19 

0.12 

2.41 

0.52 

QE 
1 /min 

11.5 

1.5 

20.5 

1.0 

56.0 

1.8 

59.0 

3.1 

21.9 

1.8 

12.9 
5 min. 1 ;is 82 1.1 

R 

0.72 

0.06 

0.66 

0.05 

0.80 

0.04 

0.79 

0.02 

0.86 

0.05 

0.78 

0.10 

l/min 

0.35 

0.07 

0.83 

0.09 

2.59 

0.23 

2.80 

0.19 

0.80 

0.10 

0.40 

0.08 



MEANS AND STANDARD DEVIATIONS 

SUBJECT: RH 

Phase of T r i a l  

Standing 

Horizontal Walking 

Grade Walking, 
5 th  & 6th min. 

Grade Walking 
9th  & 10th min. 

Recovery, f i r s t  
5 min. 

Recovery,second 
5 min. 

HR 

80 

9 

9 6 

3 

16 3 

6 

172 

4 

149, 115 
lo6' lo4 
105 

101, 98 ''' 97 
9 9 

t 
l/min 

11.0 

1.1 

23.9 

2.3 

62.6 

2.6 

65.5 

2.3 

25.4 

1 .3  

12.3 

1.6 

0 %  
2~ 

18.48 

0.28 

17.75 

0.17 

17.18 

0.14 

17.35 

0.26 

17.36 

0.30 

18.22 

0.28 

E 
Kcall 
min 

1.31 

0.18 

3.78 

0.42 

11.68 

0.46 

11.66 

0.75 

4.51 

0.35 

1.64 

0.26 

. 
'02 

l/min 

0.28 

0.04 

0.79 

0.09 

2.39 

0.13 

2.37 

0.18 

0.90 

0.07 

0.37 

0.09 

C O %  
2~ 

2.24 

0.37 

2.77 

0.13 

3.55 

0.26 

3.42 

0.19 

3.71 

0.30 

2.35 

0.22 

R 

0.93 

0.09 

0.83 

0.04 

0.92 

0.08 

0.94 

0.07 
~ -- 

1.04 

0.03 

0.86 

0.07 



MEANS AND STANDARJI DEVIATIONS 

SUBJECT: JM 

Phase of T r i a l  HR 

Standing 53 

8 

Horizontal Walking 7 5 

7 

Grade Walking, 130 
5 t h  and 6th  min. 3 

Grade Walking, 1 132 
9th  and 10th min. 1 
Recovery, f i r s t  99, 85, 
5 min. 79, 78, 

7 6 

Recovery, second 1 75, 76, - - 
5 min. 

tE 1 02E% 1 C02E% 1 R 1 io2 1 E 

l/min 
Kcall 

l/min min 



MEANS AND STANDARD DEVIATIONS 

SUBJECT: GP 

Horizontal Walking I 86 123.2 

Phase of T r i a l  

Standing 

Grade Walking, 
5 th  & 6th  min. 

HR 

80 

9 

Recovery, f i r s t  118, 108, 24.8 
5 min. 100, 100, I * 2  I g 7  I 

t 
l/min 

11.2 

1.1 

Grade Walking, 
9th & 10th min. 

Recovery, second 1 98, 95, 114.2 
5 min. 

14 3 

6 

61.7 

2.9 

o % C O %  
2~ 

18.69 

0.25 

17.71 

0.07 

2~ 

1.80 

0.23 

2.55 

0.27 

R 

0.78 

0.08 

0.75 

0.09 

'02 
l/min 

0.26 

0.04 

0.79 

0.07 

E 
Kcall 
min 

1.24 

0.16 

3.73 

0.32 



MEANS AND STANDARD DEVIATIONS 

SUBJECT: AT 

Phase of T r i a l  I HR 1 'E 

Standing  83 11.6 

10  1.4 

Hor i zon ta l  Walking I ': 1'::: 
Grade Walking 
5 t h  & 6 t h  min. 

Grade Walking 160 67.7 
9th & 1 0 t h  min. 

3 1.9 

Recovery, f i r s t  

Recovery, second 101, 99 15.2 
5 min. 1 97  

1.5 

E 
Kcal l  

min 

1.47 

0.45 

4.43 

0.56 



MEANS AND STANDARD DEVIATIONS 

SUBJECT: MZ 

Grade Walking 66.7 16.02 
5 t h  & 6th  min. I 15: 1 1 . 8  10.35 

Standing 

Horizontal Walking 

79 

4 

98 

4 

Grade Walking 
9 th  & 10th min. 

Recovery, second 1105, 105 114.0 117.67 

Recovery, f i r s t  
5 min. 

5 min. 

10.9 

1.8 

24.6 

2.3 

166 

4 

18.09 

0.51 

16.34 

0.31 

141, 116 
lo8 

10 7 

CO % 
2~ 

72.3 

2.7 

16.06 

0.30 

26.8 

1.1 

R 

16.32 

0.45 

'2 
l/min 

E 
Kcall 

min 



APPENDIX 4 

EXAMPLE OF THE COMPUTER WRITE-OUT FOR ONE TESTING 

SESSION OF THREE TRIALS FOR ONE SUBJECT 
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APPENDIX 5 

GROSS EFFICIENCY (GE) OF GRADE WALKING BY 

SUBJECT, RATE OF VERTICAL ASCENT (V) 

AND GRADE (G) 
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APPENDIX 6 

NET EFFICIENCY (NES) WITH A DEDUCTION FOR STANDING 

Ml3TABOLISM, BY SUBJECT, RATE OF 

VERTICAL ASCENT (V) AND 

GRADE (G) 
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APPENDIX 7 

NET EFFICIENCY (NEH) WITH A DEDUCTION FOR THE ENERGY 

LOST OF HORIZONTAL WALKING BY SUBJECT 

RATE OF VERTICAL ASCENT (V) 

AND GRADE (G) 
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