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ABSTRACT oF
i

Recently, portable automated systems have become available that
are capable of indirectly determining energy expenditure (EE) by gas
| exchange measurements, in mechanically ventilated critically i1l
‘patients. The ability to measure EE in these patients on an
individual basis is extremely important.* Not only will it bhelp to
‘ensure that appropriate daily caloric intake is achieved but it can
" also to be used as an assessment tool in research protocols designed - |
to study the efficacy of nutritionai support in critically il
patierxts.
An automated portable system, the Gould, 90001V Computerized -
Pulmonary Function Cart {Medical Products Division, Dayton, Ohio) was
validated using an in vitro system (Chapter 1). ‘Oxygen consumption
(Vo ;) and carbcn'dioxide production (VC0,)-were simulated using
_nitrogen and carbont dioxide dilution techniques. Conbinations of
" frequency, tidal volume, minute ventilation and inspired oxygen
fraction (F;0,) were used to s.umiate conditions commonly
employed in mechanically ventilated critically 111 patients. : - &
“anations in frequency, tidal volume and mmute ventilation'had no -
significant effect on measured V0, and ¥C0,. However, F,0,
-, bad a dramatic effect ori the accuracy of V0,. Errors in measured
70, were 2.63, 3.5%,75.9% and 16.9% at .0, levels of 0.22,-
. 0.40, 0.60 and 0.80, respectively. tion of a dead space to the
spirometer dump port (to prevent room &ir contamination) ‘markedly '
. reduced a larger error initially’ found. The accuracy of W:O was
2.6%. These results support the conclusion that the Gould 90001V

P - (“
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with the dead space adaptation is capable of accurately measuring
and 0(:02 in mechanically ventilated patients receiving an .

PR - studied in 10 mechanically ventilated
critically i1l patients (Chapter 3) to determine: an appropriate
factor above the measured resting EE level to account for. daily Icu
activities; the rise in EE above resting EE that is associated with
activities and their contrit_ytion to total EE; and the degree to
which resting EE exceeds predicted EE (based on the Harris and
“ Benedict equation) and relate the degree of increase to severity of
illness of the- patient as assessed by the APACHE II score. T!\e
validated Gould 9000IV was used to determine continuous EE
measurements for patients during the 24 hours‘ studied. Predicted EE
was 1501+202 kcal/day (meantSD) and measured EE was 2186+343 kcal/day
which represented a significant increase above predicted EE (47+22%, ‘
p<0.01). Patients' admission APACHE II score was significantly
~ correlated ;‘to the degree to which measured "resting EE exceeded |
predicted EE (r=0.64, p<0.02). )

Activities such as repomtmning the patient in bed, patient
weighing on a sling-type bed scale, chest physiotherapy and chest
x-ray were hssociated with increases in EE above resting level of
318, 3_6%\, 20% and 16%, respectively. awever, due to their short
durations, the contribution of these activities to total EE was
amell. TOtal EE was 23424371 kcal/day or 6.942.6% above resting EE
(range = 1.4 to 10.6%). An interest ing observation made during the:
. 24 hour EE studies was that the adninistration of analgesia and/or
~ sedation to patients was often associated with a decrease in EE.

-vi_
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Results of 24 hour EE studies in mechanically ventilated
critically .ill patientsAeupport the following conclusions. Severity
of illness appears to be related to the .latge degree of
hypermetabolism ebserved. * Routine activites performed on patients
result in large increases in EE above meastired resting levéls.
However, because of their short durations, contribution of these

" dctivities to total EE was small - An activity factor of. not greater
than 10% is appropriate to add to resting EE measurements in .~
individual patients to accurately determine daily EE in mechanically
ventilated critically ill.patients. | *

The observation that routine admiriistration of analgesia and/or
sedation was associated with decreased EE suggested that this may be

~an important variable that is overrlooked when EE x:easurerents. are
made in critically ill patients. The prirrary“purpose of the study .
/described in Chapter 4 was to determine if routine IV administration
of morphine wou}d significantly influence EE in critically i1l
patients during rest and ICU activites. Additional objectives were
to: (1) dete‘f:mine if method of administration, bolixs IV injections or
continuous IV infusion, would affect EE differently and (2) determine
the degree to which measured resting EE exceeded predicted EE (basea

~on the Harris and Benedict equation) wben'mrp,him was not |
administered (period 1) and when morphine was administered to
patients (period 2) and relate this to the severity of illness as

~ assessed by the patients' APACHE II score. .

Seven mechanically ventilated. critically i1l patients with a
mean APACHE IT scoreiof 20+4 were studied. mumThts of EE were

- - viig
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made continuously during a defined sequence of rest, activities and

. post-activity periods when morphine was not given (peri&_i 1)_and .
' again when IV morphine was adninistered at a rate of 010 mg/kg/hr as *

either bolus IV injections or continous IV infusion (period 2).

— - Predicted EE was 16041247 kcal/day and measured resting EE was
22204563 kcal/day during period 1 apd 20674538 kcal/day during
period 2. This represented a sign;ificqnt'increase in resting EE of

' 37+417% and 28417% above predicted EE for periods 1 and 2 respectively

(p<0.01). Resting EE during period 1 (no morphine) was ‘significantly
higher than testing EE during period 2 (during IV morphine
administration) (p<0.0l). No significant correlationqms found '
between ‘the patients' admission APACHE II score and' either the degree'
to ’vghich resting EE exceeded predic\:ted EE for period' 1 (r=0.59,‘ e
p=0.08) or the degree to which resting EE exceeded predicted EE for
period 2 (r=-0.50, p=0.13). —- Co

The rise in EE above resting levels associated with the.
.activities of chest x-ray and chest physiother py during period 1
‘were 16+9% and 20+11% and during period 2 were 2l+14% and 23+12%,
respectiVely. The difference-between periods 1 and 2 was not
significant for either activity (p<0.05). 'rotal EE (rest +
.activities measured over a period of 200 minutes) was- 315+77 kcal
during period 1 (no morphine) and 290+77.ktal for period 2 (during v
mrphine aﬂninistratim) . This represented a significant reduction
9_-0»_1&% from.period 1to2 (p<0.01). ﬂBolus IV morphine
continws IV morphine infusion appeared to have a
similiar effect of both festing EE and EE ‘associated with various

“activities. ‘
@-viii - e
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The results from thie study support the following conclusions.

"No significant relationship existed between the lcverity of illness™
(as assessed by the patients' APACHE II scores) and the degree to
which resting EE exceeded predicted EE for periods 1 and 2.

Morphine administration at a dose of O.I(hng/kg/hr did not alter the

increase in EE above resting levels associ&ted with activities of

chést x-ray and ‘chest physiotherapy. Host inportantly, routine IV -

admnistratxon of morphine resulted in a significant decrease in
resting EE-and total EE in mechanically ventilqted' critically i11
patients.

-vj:x-
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CHAPTER 1 ) .
OVERVIEW OF mmm MBI‘AwLISM IN MAN
I Intr.odusztion Y ‘

The question of whether or not provision of nutritional support
 to mechanically ventilated critically i1l patients will inprove
_patient outcome hae never been directly addresséd A few .

retrospective studies have reported reduced morbidity and mortality \ )
'in this group of patients when they have been fed (17,32,69).

o Howéver, no prospective randomized controlled clinical trials have

been performed to investigate the efficacy of nutritional support in
mechanically ventilated critically 111 patients. Despite this lack
of evidence nutritional support has beoome routine practice in the
managenent of these patientsduring the last twenty years.

The evidence to suppott feeding critically i1l patients has -
.largely been extrapolatcd from other types of patient populations.
Pre and postoperative nutritional support of surgical and medical
patients has been shown to iriproved traditjonal parameters used to
assess_nutritional statue‘—(loi,lds) ' reéuoe morbidity and mortality
(24,83,112) and reduce the length 'of hoepital stay (5,24) It has
therefore been assumed that prevenﬁion of malnutrition and
inprovement of ‘clinical outcome can be achigved by providing
nutritional support to critically ill\ patients. However, it is
unlikely that nelmtrition resulting f\rom inability to eat or
mlebeorption such as seen in mnysurgi\cal and medical conditions
evolves in the same manner as the mxtriti‘oml state that evolves .
during=ooncomitant hypermetabolian and hypercatabolian seen in



to measure EE in mechanically ventilated patients may, at pteeent, be -
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crit'ical illnesas. 'rherefore it: is alao unlikely that the mrits of ‘
nutritional support can be assumed to apply to critically ill o
patients untgl scientifically proven.—

In order to justify nutritional support of critically ill
patients, prospective randomized controlled clinical trials designed
to investigate the effects'of-fe"eding versus no feeding need to be
performed. Traditional parameters such as anthropometrio
measurements, liver transpbrt'kroteins and immunocompetency. \;hich are-

. ‘commonly used to indirectly evaluate nutritional status in ’.

hospitalized patients, have been shown to be of limited value in

o

: assessment of nutritional support: of critically i1l patients (103).

In the 'past, the amount of~daily nutritional support_ a critically
ill patieht would receive has been based on assumed kncwledge of
energy expenditure (EE). Most oftep daily energy requirements a:'e
derived from various predictive formulas of normal basal metabolism
with the addition of arbitrary factors to acoount for activity and
stress of a particular; 111ness. ‘.Only recently with advanced
technology have portable automated systems become avaijlqblg'that are
capable of measur'ing EE in meohanically ventilated patients, “Beveral

recent studies have reported that measured EE is gxtremely variable

Aamong critic¢ally ill patients and that predictive formulas are

inaccurate in assessing EE (7,78,99 109).
Despite the discrepancms seen among vatious studies. the ability.

one of the only assessment techniques available to investigate the
efficaccy of nutritional support. By accurately detemining daily Eg

e
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of individml patients, one can detecmine whether the amount of |
energy infused, tbe type and proportion of suastrates infused and- the
method of nutrient infusion (enteral versus perenteral) will
influence morbidity, mortality and length of hospital stay of the .
patient. It is therefore the purpose of this thesis to accurately
evaluete an apparatus designed to measure EE and to determine daily
EE in mechanically ventilated critically i1l patients: It is
anticipated that this will provide the necessary ,background for
future studies that will be‘.-de‘signed to investigate the efficacy of
nutritional support of critically ill patients. '
154 ummmmg:m_mmmm o
(1) Animal Respiration Experiments |
~.Jo.seph Priestley in the seventeenth century was the first to ~
recognize the relationship between life and a burning flame (66).
: Priestley observed that in a closed space, a flame made air unfit for
a flame, a mouse made air. unfit for a mouse, a flame made air unfit
for a mouse and that a mouse would die at approxinately the same time
that the flame went out. From these observations he believed that
both mouse and flame phlogisticate or give off a sibstance to the air
~in the same way. -Although his’ explanation of oaxbustion was later |
proven to be incorrect, Priestley's observations were -paramount in
the study of metaboliam of 1iving organisms |
In 1870, LaVoi\er, a French chemist and mttmtician. dispraved

the phlogiston theory proposed by Iy. One would e weight
loss if a substance was released ghring combustion. Lavoisier

e
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the opposite, the weight of products of conbustion increased (66).
He identified that a burning slbstance, a flame or an aniul, removed
a subgtance with weight from the air. . He recognized thi- substance
as an elementary gas that occupied approximately one-fifth of normal
air. Because this substance produced carbonic, sulfuric and
i)hosphoric aéids when combusted with carbon, sulfur and phosphorus
respectively, Lavoisier named it “oxygene® or acid-former.

Lawisiér recognized that animal heat was derived from the
‘oxidation of~the body’s sinstance and he compared this experimentally
to the héat liberated by a burning flame (66). He burned a known
“amount of carbon in an’ ice—chamber and recorded the amount of ice
that melted. From this he calculated the amount of heat produced per |
unit of carlbon. Similarly, he and a oo-\worker, Laplace, placed 'a
guinea pig in an ice chamber and again observed the amount of ice
‘that melted and calculated the amount of heat and carbon dioxide
given off by the animal (67). They concluded that the source of heat
produced by an animal was the oxidation of body substances.

(ii) The First Human Respiratio;x Experiments
Lavoisier énd Laplace were ‘the 'fiv‘rst investigators to perform

heat and respiration experiments on man (74). Although the methods
used in their respiration expetiment:s are not known, the results
obtained were strikingly similar to those obtained foday. Results:
fian their study were:
(1) the quantity of oxygen required per hour by a fasting testinq man

was Zyrliters when the ambient temperature was 26°C; v
(2) the quantity of oXygen required per hout by a fasting resting man

P
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was 27.0 liters when the anbient temperatur'e was decreased to ——
129 s o B | |
(‘3“) the inqestlon of food was acoompanied by a rise in oxygen
-v consmnptxon of 14 0 l1ters of o:ggen per hour above resting
‘k 'levels, and; 4
| (4) during exercrse, the quantrty of oxygen consumed per hour may
L increase to 91.0 liters per. hgur or greater. o
_ ‘_ Lavoxmer and Laplace had 1dent1f1ed three major factors that
: influence oxygen consmptlon- amblent tempei“ature, food and physmal
a_ct1v1ty. : From ~hD1s expenments, Lav0131er developed the theory of |
combustlon and metabollsm which stated that both flame and animal

wh

: \consume -oxygen b 1n1ng 1t w1thorgan1c substances to g1ve off

carbon d10x1de and water and that, in an:mals, the major portlon of
heat is llberatedwhen oxygen gombmes with orgamc substances in the.
animal's body " ‘AlthoUgh the fiffs’t law of thermodynamics, -the law of
’conservatlon of energy, was not proposed by Hess unt11 1840,
Lav0131er had already 11nked together the theory of combustion and
the metabol1sm of man. | Q
(iil) The Importance of Protem In Energy Metabollsn

Not until the md-eighteen hundreds was it reoogmzed that
' foods mre made @p of protein, carbohydrates, and fat and it was “

B f "L'

'thes@;.,i_ gamc substanoes that "burned" in the body and not pure "

| carbon and hydrogen (74). In 1842 a German sc1entlst, Lleblg,

' suggested that the nitrogen excreted in the urine may be a measure of
px:otein destructl,on in the body of man (74) . Voit demonstrated the
first nitrogen equihbrium m 1857, that 1s, thev amo’untof J.ngested




- n1trogen was equal to the amount of mtrogen excreted i,n the

urine (74) V01t studied a dog for fifty-eight days and fo that

" the difference between the amount of nitrogen taken 1n and that which,

- was excreted was less than one percent. This method of calculating

| prm i mtabolism was essentlal to the future confirmation of the

X,

- re.tics Ap between “human metabohsm and the law of conservation of

energy .

iv) The ‘Relatibnshib-Between Human Metabolism and the Law of

. . Conservation of Energy
‘In 1894 a German scientist; Rubner, -successfully constructed an
animal calorimeter which couId'accurately measure both the ampunt of -

heat a dog produced (direct calorimetry) and the. \respi'ratory exchange

 (indirect calorimetry) (38). From respiration,the'metabolism could

| be calculat'ed and the heat production estimated, 'Rﬁbner showed that

the amount of heat liberated by the dog and the amount of heat

calculated from the metabolism of the dog dur:Lng a twenty four period

', spent in the calorimeter were the same. The amount of heat produoed

k)

: ‘Lleblg and Rubner it has firmly been established that the amount of
: heat, carbon dioxide and water liberated a.nd oxygen consumed by. the

III &WW

by a dog was equal to the heat of combustion of fat and protein

’catabolized mmus the heat of conbustlon of the urme excreted. -He

therefore concluded that the metabolism was the souroe of heat loss

from the body. = - -

'I'hrough the' work of early 1nvest1gators such as Lavoisier, Voit,

7
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metabolism of man or the combustion of foodstuffs is the same. It is
| ‘ appropriate to briefly review the combustion of foodstuffs r),g/ vitro.
Consideration of heat produced as chemical energy from the oxidation
of carbohydrate, fat and protein is basm to the understanding and -
n:easurerr\ent of energy metabolism m the human body. b
(i) T Bomb Calorimeter | |

Principles used to measureheat produotion by direct calorimetry

. .are best illu_strated by a simple dévice known'as a bomb’ calorimeter

. determined by this techmque.

cvonstrucbted by Riche'in 1913 (40) The bomb calorimeter was used to
'measure the amount of heat liberated from combustion of various
foodstuffs. A weiglied amount of . foodstuff was placed in the bomb,
filled with oxygen at a high’pressure (approxinately 25 atmospheres) h
and then inrnersed 4n a known amount of Water'._ Due to ‘the hlgh oxygen
pressure, when the foodstuff was 1gn1ted instantaneous combustion o
resulted and caused a rapid increase in temperature of the bomb and
the surrounding water. 'me calories of combustion were élcEted, .
one calorie was equal to the amount of heat ‘required to raise the
temperature of one vgram of water by one degree Celcius. The

calorifac value of various types of foodstuffs could be eas.ily

| (1i) " Respiratory 4Quotient ' | _‘ ’ ~ }

The respir[a‘ty:ory quotient (RQ) is used to describe the |
relationship between volume of oxygen consumed and carbon dioxide
produoed during the chemical rggction of foodstuffs. The RQ is the
volume of carbon dioxide produoed diVided by the volume of oxygen

' ’consumed



o

(iii) - CarbohydrateiMetabolism

Carbohydrate is a.vmajor fuel source important to human

_metabol‘ism. :Starch, ,a complex polysacchari_de made up of many lsniall. :

3

glucose molecules, can be expressed simply/by' the chemical formula
(CgHyg0c)n. Once starch is digested and absorbed by the body

it is carried by the blood as individual glucose molecules to body

cells where it is oxidized to carbon dioxide and water. Heat is

liberated during this chemical reaction. This reaction can be

expressed as follows: |
6H1005 + 602 6C02 + SH 0+ heat :

By calculating the molecular welghts of the individual elements the -

following values are obtained (38)

starch oxygen carbon dioxide ' water
I3 . ‘ oy :
carbon 6 x 12 = 72 g 6 x12=72 ' ot
hydrogen 10.x 1 = 10 S - 10x 1=10

oxygen  5x16=80 12x16=192 12x16=192 6 x 16 = 80
162 192 264 .90
- The combustion of one gram of ‘starch yields 4.2 calories and

therefdre combustion of 162 grams will, produce 680.4 calorieé. The
volume -of oxygen consumed and carbon dioxide produced in this

reactlon is exactly equal at 134.34 liters.. Since 680. 4 calories are

‘produced by the consumption of 134.34 liters of oxygen, for each .

.liter of oxygen_ consumed during the catbustion» of starch, 5.065

calories are liberated. , Therefore, the calorific value of starch is
5,065 calories per liter of oxygen oonsmption. The calorific value :

' obtained from various carbohydrates is dependent on their particular

Id

-
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chemical.structurel : iiubner detennined‘that for the himan ldiet, the
average caloric V‘alue of one gram of carbohydrate was 4.1 '(38)'

| During carbohydrate oxidation, 6 molecules of - carbohydrate are -
produced and 6 molecules of oxygen are consumed Therefore, the RQ -
isalwaysequal to 1.0. . 0 I ’
(iv) Fat Metabolism ' ‘ . e
Triacylgl;@grols constitute more than 90% of dietary fat, w1thv
,the remainder being made up of phospholipids, .cholesterol ’
cholev&;ol esters, and free fatty acids (56) After mgestion,
triacyiglycerols are digested by various lipases of gastric,
g pancreatic and intestinal origin, emls:.fred and solubilized before
& transport from the intestine to the blood stream From the blood
they can be metabollzed by numerous cells or transported for
storage. The qoxidation of fat can be represented by takmg
tripalmitin as an exanpie (38):
" CgyHgg0f + 72.5 0, = 51 CO, + 49 1,0 | |
806 2320 2244 822  molecular weights
‘ 'Each gram of animal fatproduces approximately 9.5 calories and“
°  therefore 806 grams of tripalmitin would yield 7657 calories,
requiring the oxidation of 1623 liters of ‘oxygen. Each liter of
oxygen consumed would therefore -have a calorific value of 4.72. The
average calorriﬁc value' to be approximtely the same for{all fats |
- (food or ‘human) at 4.686 calories per liter of oxygen consuned (38). -
'I‘he RQ of tripal.mitm is equal to 0.703 since 72.5 molecules of
oxygen are required during the oxidation and 51 molecules of carbon

‘ dioxide are produoed. v
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Studvles in whlch anlmals have been fed large amounts of fﬁ_
' .carbohydrate have demonstrated that carbohydrate can be metabo e&
‘ to fat in the body (38) When geese were stuffed with cereal grain
in order to produce pate rich in fat, it was noted that ¢he RQ was as
h1gh as 1. 33. This is because glucose requires only a small’ amount n
- of oxygen for fat formatlon, but liberates a large amount of carbon
dioxide. This can be demonstrated by the fo}lowing stiochicmetric
. reﬁction wher_e palymitylstearyloleyélyceride (Ceehy, 105 6) is
formedy from glucc;se (44):
‘ 113, 5 C6H1206 +3 02 55 10406 + 26 CO2 + 19 H20
The RQ in this reaction would be 8.67. 1In the human body, fat
synthe51s is indicated by an RQ value greater than 1. 0. Hovfeve'r the
value seen is seldom greater than 1.3.
(v) Protein Metabollsm R
Unlike carbohyd_r"ates‘ and fats which are generally considered as
’yenergy snbstr‘ates for human métaboiism, proteins are an integral part
of structural and functlonal components of the body. Pr'oteins "
constitute approxunately 19% ‘of the welght of the human body (57)
Most proteins contain between_ _15.and 17.5% nitrogen. :Muscle is
roughly 70% water. - - |
Protems are dJ.gested by gastric pepsin to form large
" polypeptides which are further broken down to small peptidé’s and free s
N amino ac1ds by pancreatlc and intestinal proteases in the intestinal :
: 1umen. Small peptldes and free amino ac,ids are; tmnsported across “
'the gut wall via specific transport mechanisms and into the '

bloodstream where they become available to body cells.

T ei'
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The catabolism and resynthesis of body proteins is a dynamic and
continuous prooess with dietary proteins’ supplymg the necessary
amino acids. Dietary proteins intake in excess of "wear and tear
requirement results in deamination with the carbon skeletons being
used to form gluoose (gluconeogenes:Ls) for energy production. .

. As first shown by Liebig, the amount of protein catabolism can be
measured by nitrogen excretion in the urine (37). Since protein
“contains approximately';ls% nitrogen, the loss of 1 gram of nitrogen
in the urine represents the catabolism of approximately 6 ‘25 grams -of
protein. 1In normal humans, the amount of nitrogen mgested is close
to the amount excreted. In this situation an individual 1s" said to ,
be in nij:rogen balance or equilibrium. Most normal diets contain 12
to 19 grams of nitrogen, although it has been shown that nitrogen .
equilibrium can be maintained at intakes of 5 to 7-‘grams per day
(38). 1In disease, trauma, surgery and other cr1t1cal 1llnesses, it
- is well known that protem catabolism greatly increases as reflected -
" by large urine mtrogen losses (27,50,61) .

“The oxidation of protein within the body is incomplete. This was
first demonstrated by Rubner who showed that the heat value of ) |
carbohydrate and fat me-tabolism in the body and by calormetry was
~ the same‘ However. this was not true for proteins (74). The heat
value of protem was higher when pure protein was burned in a bomb
calor:l.meter than when metabolized in the human body (74) Protein
metabolism in the’human body results in heat loss in three different
. ways; respirat_ion,\ feces and urine. The latent heat lost in ,urine_
and feces must therefore be deducted fromthe heat value of "protein



determined by calorimetry. Rubner sho_ived that for every gram of
mtrogen lost in the urine and feces, 9.35% grams of carbon dioxide
was produced, 8.45 grams of oxygen was consumed and 25. 98 calories
were elinrinated as heat (38). Rubner determined the average .
avallable epergy from proteln metabolism to be 4 1 calories per gram
(38) _ o ‘

_ (vig Non—Protein Respiratory Quotient

In'performing respiratory experiments, if nitrogen excretion is

measured, the amount of carbon d10x1de productlon and oxygen

consmnptlon ascrlbed to protein metabollschan be deducted from the
total explred carbon dioxide productlon and oxygen consumption. Thev
remaining carbon dioxide production and oxygen conéumbtion is
attributed to fat and carbohydrate metabolism. After deductions, the
remaining volume of carbon dioxide divided by the volume o‘f%%qeg is,
the non-protein RQ. Since the RQ of fat metaoolisn is -approxinately’
p.701 and carbohvArate metabolism is 1.00, the _proportions of fat and

carbohydrates =t__ . - 41 can be calCu.lated from any non—-protein RQ

. between thes e * -k has constructed a table of RQ values from

—dlfferent pruxcer-ions <: rat and carbohydrate metabolized (73).
Similarly‘DuBoia; coant -wcted a triangular map of metabolism based on
RQ values to describe the proportlons of protein, carbohydrate and
fat metabollzed (36) It is mportant to remenber that these types
of tables show only net transformations within the body during a
given period.‘ It is conceivable that fat formation may occur at ‘the

same time as fat is broken down. chever sinultaneous fomtion and -
degradation may not be evident by the resulting RO value. -



i ‘ - 13 -~

Themea_rly' studiee on energy expenditure provided ‘irrefutable _

evidence that the two following facts form the basis of indirect and

direct calorimetry “ |

(1) At least over a few days, the amount of chemical energy mgested
from foodstuffs is ident1ca1 to the total amount of energy
dissipated and excreted. ‘

(2) The caloric value of -fats, carbo'hydrates}, and proteins and the
amount of oxygen required for their combustmn, determined by 1n
vitro experunents, are the same values.determined by in vivo
experiments. That is, the amount of oxygen required to burn
carbohydrate in a; bomb calorimeter and the amount of heat, carbonA
dioxide and water liberated will be the same as that which is

required for man or animal.

In 1892, the American scientist Atwater began the construction of
a calorimeter capable of measuring heat production in man (74). With
‘ the‘help of Rdsa, a physicist,' the original Atwater-Rosa calorimeter
was combined with respiration apparatus and was capable ‘of o
- simultaneously measuring heat production and carbon. dioxide _ v
- excretion. The original calorimeter was not capable of measuring /\
Oxygen intake. mring the same time period as.Atwater, Benedict /
constructed a similar apparatus capable of similtaneous .neasurae}ot\
of respiration and heat production at the Nutrition Laboratory of the ~——

-

Cameg:le Institﬂte 1n Boston. These laboratories were fo]jiedmy/ —

/.
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construction ef many similar laboratorieé throughout the United 4
States. The actual techniques usee for these measurements will be
discussed ‘in detail later in this thesis under methods of determining
~ EE. . : ', ~
(i) Energy Expenditdre Based on Body Surface Area

. The ability to measure basal metabolism in man and animals has
preduced great»con{:roversy as to how results should be expressed.
Various researchers (19,48,49,80) siuring, the early nineteen hundreds
supported the concept that metabolism should be expressea with

respect to body surface area, while others (12,15,31,55). believed

that metabolic rate could not accurately be expressed in this way.
The historical ba31s for measurement of metabol:.c rate as a function
of body surface area originated with studies conducted by Rubner in
the mid-eighteen hundreds and later became known as Rubner's-‘law
}(75,) . Rubner's law stated that "the heat production in different
animal species and man was proport.ional to the corresgggdiné body
sufface area". The basic premise of Rubner's law was that if the
body were viewed as a mass of cells with a constant heat production
at t;he cengre and if two spheres of unequal size were caylbxared, loss
of heat from the surface would be greater for the smaller sphére
which would cool more rapidly due to the relatively greater exposed
_ surface area. The heat eliminated would therefore be proﬁortional to
the surface exposed. S |

Based on Rnbner'é iaw, a German scientist, Meeh, in 1879 measured
the ‘surface area.of six adults and ten childrén (33). Meeh used his
measuréments and the fundamental mathematical law that the surface of
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similiar solids are proportiohel to 2/3 of .the power of their volume,
to develop his surface area formula. Using body weight to represent

volume, -he determined that a constant of 12.312 when multiplied by

the cube root of the weight in kg gave results which came within 7%

"of all the measurements he had made. Meeh's formula is. expressed as

follows: : . .

Qwhere: S = surface area in square meters, -

k= constant of 12.312, M W = weight in kilograms.

The origmal Meeh's formula was not challenged until 1915 when
Gephart and DuBo1% performed a number of experiments of basal
metabolism of normal humans and humans with a variety of disease
conditjons (49), Gephart and DuBois found that actual measurements
of body surface area on subjects deviated considerably from those °
calculated using Heeh's formula. 1In all instances Meeh's formula
overestin_ated the measurements they had obtained. As a result,

DuBois and D“BQE, performed numerous measurements of body surface

. area on men and woﬁ\en whose bodily forms varieé,markedly' ‘
" (33). The determination of body surface are@xis obtained from the

sum of nineteen measurements of each body part times a constant.. The
results DuBois and DuBois obtained when ooupated to Meeh's formula
showed that body surface area oatputed from Meeh's formula had an

--average inaccuracy of 16% and a naxinum variation from normal of

36%. As a result of their findings, DuBois and DuBois developed a
new "linear” fornula or "height-weight" formula™ (34): -



w0+ 425 0.72

A= X H x 71.84 .

where: A = area in re meters, W = weight in kilogtama |
and H = hedGht in centimeters. = |

This vfornula gave/an average error of 1.5% and a nra;tinm variation of

+5%, - Since egfablishnent of buBois and DuBois's "‘height-@eight"
foxfmla, many subseguent researchers have used this derivation of

body surface darea as the standard means to describe and cunpare
metabohc rates of both normal metabolism and metabolism during

various disease conditions. In subsequent research based on body “— -
surface area, Aub and DuBois found metabolism decreased with

. increasing age (6). As a result of this frese'arch, Aub and mBois
published the Sage nomal standards which are based on body surface
area, age, and sex of the 1nd1v1dual (41). ‘

‘In oppomtmn to body surface area ‘being used as the. standard to
compare metabollc rate; Benedlct suggested that careful a&\alysis of
metabolic measurements obtained ftom athletes (14) ’ nomal men and
women (12,15) and normal and malnourished infants (13) did not.
support the conclusion that @etabohsm or heat output of the human
body was proportional to body surface area. Benediéi: reported thatt'_
numerous factors independent ef -body "\surfac‘e' area such as age and - e
athletic training will have a significant effect of basal metabolic
rate (16). In a study oatpari.ng normal men and women, Benedict<and
Emmes found that the basal metabolism of mormal men was 78 greater
_than women‘pf the same heiqht and weight and therefore the same
corresponding surface area’ (15). Similarly, Benedict and Monmouth
found that athletic indiiriduals had a greater metabolim than
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non-athlgtié\\irpdividualé of similar height and weight (14). Benedict
.euggesred that \ mjor reasons for these differences are two-fold.
Firstly, the diffe ence in body composition, the proportion of inert
body fat and active‘\“grotoplamdc tissue (commonly knwn today as lean
body mass) ha a major influence on basal metabolic rate. Secondly,
the stimrlusl to pelluiar activity existing at the time the
measuremént is made will have a significant effect‘onubasal metabolic
rate. In conclusio‘n,v»Benedict believed that there was no law that o
could be laid down to cover the important variables in the basal |
metabolism of an individual (16). N
Prior to 1910, .studies on basal metabolism of normal men and
women were often perfbrmed in large respirometers in which small
amounts of movement werefallowed.' ilecause 1t became well known that
s ifiascular_ Va‘cvtivity’ can significantly alter métabolic rate, the results
obtained in mosf: studies prior to0.1910 were not truly representatiQe
of the "basal” state and therefore could not be considered with
stbsequent couparisons (49). Basal metabolism has become universally
accepted as referring to the heat productiorr of an individual
méasured during the mornmg, 12 to 18 hours after the last meal with
the indfvidual completely at rest, lying oomfortably in a thermally
‘neutral environment. .
(i) Energy Expenditure of Normal Men and Women
I 1914, Benedict et al. were among thé first to report the -
reaults of basal energy expend.lture in normal men and women (11).
" .The experiments were performed using the "universal: resplrat,ion
. apparatus® designed at the Mutrition Laboratory at the Carnegie

N
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Institute in Washington. Benedict et al. studied indirect

calorimef.d ahd/or éirect calorimetry of 89 normal men and 68 normal
woﬁén. All*subjects were- studied in the morning in a post-abaotptiw
stafe (i.e. 12 hours followmg their last meal) durirg cwpléte
muscular repose lying on a calorinetér bed and had/i:ulse ratea less
than 100 beats/min. Subjects remained completely still on the
" calorimet;ry bed for a one-half hour period: prior‘ to actual 1%
-measurement. Interestingly, the apthors report their results for
heat pxozuction_ on- the basis of ‘body surface area usipg Meeh's |
formula. However, they plai‘nlS( state that this was d&ne for
comparison purposes only and that they did not believe body surface
area had any justifiable basis for expressing metabolic rate.

~ The results Benedict et a¥<” obtained are presented in Table

1-i. The basal metabolic rates of normal men and women were 34.7
and 32.2 calories per s;uate meter of body surface per hodr,
respectively. "
' Shortly after Benedict's publication on ’r)gfmt)indlviduals,
Gephart and DuBois (48) -reported results on the basal metabolism of
seven normal men between the ages of 20 and 50 years. The |
xperiments were carried out on the Sage Bed Calorimeter at the
Ruséell Sage Institute of Pathology. Gephart and DuBois reported the
results they obtained using both indirect and direct calorimetry and
fozmd excellent agre;nent between the two methods (within 0.17%).
The methods used to ensure a basal metabolic rate were very similar
to those described for the Benedict experiment. The results of

Gephart and DuBois are summarized in Table 1-2. Based on their owvn

N Y
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work and'tha‘.t of Benedict, the fesearch’ers c‘dmludéd that 34.7
calories per square meter of body surfécé per hour was the average
heat production of normal men between theéageé of 20 and 50 years.} v

During the same year as Gephart and DuBois,_Palmei et al. were

conducting experiments on the basal‘n\etabolisrn of normal men and

women at the Massachusetts General Hospital (88). They used the

method of indirect calorimetry using the Benedict universal apparatus

™ to study 8 men and ‘_9 women. The averge results are presented in

L= 2N

5

Table 1-3. Palmer's results were similiar to those 'reporteod.by

Benedict for men'and'women.‘ _ - | o
Following these three pibrieerihg stuéies‘and‘with the development

of \a'new sufface ’areg cal_culating'tecr&nl‘igpe, in 1916‘Gg§har£ ahd

DuBois (49) rev:iewed tf}eir own results and those of Palmer et al.

(88) and Benedict et al. (12) to compare basal EE using both the

.D;uBois’fo;mula and the Meeh's fornula for ;ody surface area. ‘Gephart

and DuBois found-that Meeh's formula overeéti_.uéted body surface area

~and that the DuBois formula more accurately predic_t;éd actual surface

area. Recalculatﬁed- nqrma‘l basal energy metabdlism‘ usingDuBois's,
.fonmla fgr surface area were 39.7 calorigs per -sqhar'e.hieter per hour
for men and 3‘6‘..9' calories per sguai:e’n;eter per hour for women These
fi_gutes have become widely accepted as standards of metabolic rate
for normal men and woren. I | ' o
(iii) The Hé‘rris and Benedict Eqﬁation ' |

B 'N’ol.ofathe most widely used standard ;equatidns for the
| detéminatién of EE for mmalindividuéls and patients with %rious .
vdi&ées'are the linear 'Eegression equat;idns d_e'veloped by Harris and

s

¢ e— - o ' -21 -
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‘Benedict 4in 1919 (S5). These researchers sttidied the basal

metabolism of 103 woren and 136 men using‘ the Benedict universal

respiratioh apparatus at the Carnegie Institute. Because of their

' b_ reluctance to accept the body surfaoe' area law as a basis for the
establishment of normal standards for heat production, Harris and

Benedict, from their results, developed a series‘-of biometric

correlation formilas. These formulas were based on stature, body

weight; sex. and age. The basal heat production for kma10es and fenales

predicted by Harris and Benedict were: J

| ~male h = 66.4730 + 13. 7516wﬁ 5 0033s - 6. 7550a
female h = 655.0955 + 9. 5634w + 1. 84965 - 4. 6756a
| where: h = basal heat product for . 24 hours, W= weight in
kilograms, s = stature in oentimeters, and
a = age in years. .

(iv) Harris and Benedict Equations Versus DuBois Standards for
Prediction—of—Meoabolic Rate |
Subsequent to the publication of the ~Harris—Benedict equations,

-many researchers have studied whet:her DuBois's sta'hdard based on body
surfaoe area or Harris and Benedict's standards based on linear
. regression equations more accurately predicted basal metabolism of

normal men and women. ‘Boothby and Sandiford in 1922 showed that when .

the Barris and Benedict equations were mathematically transposed to "

‘predict body surface, the differences between the two methods were

, negligible (18) It was: therefore doubtful as. to which formla was .
more aowrate. Nearly the same values for variation in beight and

‘weight were utilized fin the prediction of heat production in: subjects



| -
of Vaverage adult size (both by the heat ‘fomu_las of Harris and
Benedict and the formulas:of Dubois and DyBois) regardless of the
theoretic considerations of surfaoe area underlying their
derivation.' However, a marked discrepancy between the two formulas
" was noted when age and sex-were considered. :
| Boothby and Sandiford found marked differences in the value
. allotted to the age factor by DuBois and by BRarris and Benedict.
DuBois based his comparisons for age on calories per square meter of
body surface and therefore obtained the same percentage decrease in
energy expenditure for either small or large subjects of increasing
age (6). On the other hand, the Harris and Benedict equation.'
predicted that the same number of ca10ries for a given increase in
age was subtracted regardless of the 1nd1v1dual 'S size’ (55). For
) exanple, DuBois standards predicted a 10% decrease in basal heat
production for a man of 70 years of age of any size, as compared to-a
20 year old man of s1m111ar helght'and weight. On the contrary, for ]
_men of the same age.but[d_ifferent sizes, The Harris and Benedict
equation predicts that a large subject (12:1 kg, 200 cm) would have a
smaller reduction (12.59 i&‘. heat loss than a small subject (a 32% v
decrease for a 25 kg, 151 cm man). This is evident from the manner
in which the Harris and Benedict equation has been expressed. Since
1t was unlikely that a small 1nd1vxdual would show more than twice
| the percentage decrease in heat production for advancing age than a
large pan, Boothby and s&mdrford concluded that the DuBois standard
. based on body surface area and age more accurately refleﬁd the

effect of age on basal energy metabolism.
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Shnilarly. the effect of sex on basal metabollc rate was more
accurately predicted using DuBois' s standards than the equations of
Harris and Benedict (18) DuBols used the same percentage difference -
in heat production for sex at any constant age regardless of %he .
individual's size. In contrast, using the Barris and Benedict . +
equatfon,.one would obtain a markedly lower heat production for large
women than for similar.sized men but a greater heat‘production“ for a
smaller woman than a similar sxzed man. This appeared to be in
oppositlon to Bened1ct and Emmes results of 1915 where they showed
that_for all men and women-of similar sues, the metabolic rate of
women was oonsistently about 7% lower for women than men .(15).

- Boothby and sandiford suggested that this assumptlon of reversed
effect of sex on heat productlon for small subjects was not
substant1ated by any available data. They‘ concluded that it was
likely that both age and sex affected heat production of large and
small subjects in the same direction and by the same degree. ,

- Boothby and Sandiford concluded from their study that any large .
d1screpanc1es seen between basal metabollsm as predlcted by the
formulas of Harris and Benedict and mBoi-s and DuBois were unlikely

the result of small dlfferences in body surface area smoe both
| appeared to be in ;enarkable agreenent. Instead, dJ.fferenoes would
more likely be attributable to the effect of age and/or sex. These
investigators remarked that until Harris and Benedict could prove
that the effect of age and sex were different for large and small
individuals it appeared the DuBois formila for determinations of.
surface area and the DuBois normal standards of heat production for‘
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each square meter of body surface for age and sex was the best

; available method to predict normal heat production.

Boothby and Sandiford supported their conclusions by studying the
basal metabolism of 8614 subjects (18). They ®studied basal

‘metabolism of 172 normal men and women and 8487 men and women with a

variety of. disease conditions" (such as chronic nervous exhaustion,
cardiac neur051s, obesity, etc.). When comparing &xrfaoe area by the
DuBois standards and by the Harris and Benedict equation they found .
that in most instances there was agreement ‘withi’n -1%. Therefore only
a siight difference in values was found when the metabolic rate was
expressed with respect to sukfjce area. However considerable
variation existed 1n many ~instaﬁces between the two standards when '
age and sex were considered. Variations of 5 to 14% were commonly
seen. Boothby and Sandiford foulg that for most’ persons, the basal
metabolic rates were‘ within +10% of normél usmg the DuBois standards
for age and sex with the- exceptlon of a few subjects who had definite
diseases that were characterized by a pathological alteration in rate
of heat production. However, when the Harris and Benedict equation

was used, a énaller percentage of the same subjects fell within the

.10% limits. The ysearchers therefore concluded that the DuBms

normal standards for age and sex based on calories for each square :
meter of body surfaoe area prov1ded the best standards available for
prediction of normal heat production. _.
In 1921 Means and Woodwell analyzed the methods used' by DuBois,
Harris and Benediét, and Dreyer by comparing these prediction methods

usmg data from nomal ind1v1duals (81). They found that' the results
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were similar in predicting normal energy expenditure. Based on the
fact that the DuBois formula had become the accepted standard in
clinical practice and that the other two methods did not offer any
inprévement in accurately .predictin\g basal“’_rnetabo;;m;-~ Means and
Woodwell concluded that for uniformity w@ée i£ ‘was‘sen‘seless to
abandon old methods for new ones unless the new methods iweré‘ shown to
offer sane‘adva'r‘:tage. Hence, it appears that by the end of the
1920's the DuBois standard was the preferred method of expressing
basal metabolism of normal individuals. L
| - b
(i) Energy Experﬂiture in Typhoid Fever Patients |
‘The study of basal metabolism in various disease states evolved
simultaneously with thé studies of normal metabolism. One of the
earliest repofts on energy \metabo_lism durihg diseas’s by Coleman
and DuBois in 1915 (23). They’reported an in-depth study on ten ¢
patients with typhoid fever. Heat: pfodud':ion was measuteé -
indirectly and éirectly using the respiration cha:lbern at the Russell
Sage I;lstitute of Pathology. Nine males between the ages of 12 vand
60 (average age + SD = 26+15) and bne female of ége 12 were studied.
Basal EE was measured in the same way as previously descrjibg:-a.
Rectal temperatures were recofded on each day measurements were
mﬁde. A .stmmary of basal heat production measurements made on the
Wfirst'day of the study following admission are presented in Table
1-4. | |
Coleman and Dubois iusedA34.7 calories per square meter of body -

\

y
A\ : i
~ e . . . % .
. . W
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surface per hour as their standard for normal metaboliem (based on
Meeh's formula for calculating body surface area). Thése standards
" were not appropriate for 4 subjects who were less than 20 years of
age, as it was well known at the time that standard metabolic rates
of children are greater than thosc{ of adults. Nevébtl)elesa,, they
found that basal heat production at the height of fever to be
| approximately 40% above normal Heat productiomrose and fell in a
curve roughly parallel to body temperature.. Dur' their experiment,
the total divergence between mdirect and direct calorimetry methods
was only 2.28. From this they concluded that the law of conservatmn
qf enerqgy applied to fever patients and that indirect calornnetry was’
an accurate method to assess basal heat production. Coleman and
DuBois' obsérvations of l‘arge elevations in metabolic EE with .
associated increased body temperature during typhoid fever were
precedent to further study of pgtabonan during infection.
(ii) A Historical Report o(J Engrw Expendn:ure in a Cancer Patient
Murphy et al. teportegcpg{e of the first studies on EE in
cancer patients;’ih the early nineteen hundreds (85,86). They found
increases of 44 and 52% abox;e normal basal metabolism for patients
suffering from myelogenous and lymphatic leukemia, respectively |
(85). 1In 1915, Murphy et al. reported a detailed case study on a 51
year old male suffering from chronic lymphatic leukemia (86). They °
studiéd sequential EE, nitrogen excretion and leukocyte levels in
this patient prior to trestment and during treatment with
Roentgen-ray and radium therapy. The patient's heat proguction was
studied by direc;: and indirect calorimetry at the‘Rusaell Sage
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Institute of Pathology. Resulta showed there.was extremely clooe

- agreement between the measurements mde\y tif two methods (0.4%8).

. The pretreatment EE of the patient was 44% greater than normal.
Following 5 days of Roentgen rey treatxﬁents, there was a aligﬁt
‘decline in basal metabolism. However after 23 days during which 10
treatments were given, no further decline was noticed. . The prolonged
| treatment had also. failed to produce an aleukemic blood picture.
Followmg radium therapy, however, a large decrease in both basal

metabolism and leukocytzc count occurred. Basal metabolism decreased ‘

to 47.7 calories per square meter of body surfeoe or 36% above
normal. The authors offered no speculation about the relationship
between decreased leukocyte count and the change in metabolic rate.

During the early nineteen hundreds numerous reports such as those
described appeared in- the l‘iterature. One major use of basal ‘
metabolic rate measurements was for the elinical diagnosis and
treatment of thyroid disease (82). This led to the widespread use of
sinplified respiratien devices which .;i.n‘turn were abandoned with the
development of improved techniques of evaluating thyroid function.
The use of direct and indirect calorimetry diminished in the clinical
setting and veryAfew studies on energy metabolism during disease and
illness were performed between 1930 and .1950. Many clinical

conditions were treated on the basis of assumed knowledge of EE which

had never been subjected to actual measurements.

In the past 25 years, there has been a resurgence of intefbst in

[y
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the measurement and understanding of EE in acute cbraditiog;s.
especi;lly those associated with major injury and sepeis. It has
been recognizédihat these conditions are often associated with
weight loss and loss of lean body tissue during hospitalization
(45,63,105)." Consequently thé extent to which increased EE pciays a
role in these conditions is of great interest.

In 1932, Sir David Cuthbertson was among the fir.st to study the
physiological response to injury (27). He studied 7 male patients
with injuries to their legs. .The average age of the patients was
‘3'6_4;14 years (meantSD). Basal oxygen consumption (\70'2) was measured
by .amlysis of the patient's expired air collected in é Douglas bag.

 Cuthbertson measured daily V0, and nitrogen balance for up to 12
days post-injury. He found the initial 24 hour period post-injury
was characterized by "depressed vitality” during which the patient
had a subnorml temperature, ahuria, and decreased heat production as
reflected by remvoz. This phase is commnly known today as
the. "ebb" phase which is associated with hypovolemia and shock.
Following this phase, he observed a period of increased body
tenperature, heat production and nﬁrogen excretion (flow phase).
The Y0, appeared to increase in parallel with nitrogen excretion.
Average mxiwm increase in 062 above predicted normal values was
20 to ;25%. Nitrogen output' roée considetably during the fourth to
eighthdayandinminstancesuceededngrmperday. '

rteon wﬂw that a relationship existed between the exl:ent
injury and "degree of reaction” (hypermitabol ism) and that thisw

"\ . reaction was extremely variable mﬂg;hﬂiﬂaﬂle.
Q- ‘ L
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Cope et al. repoxtod a study on m.tabol:lc rate and m‘f:pid
function in injured patients (25). - They studied thte‘e ’c;i;éerent
types of injuries. One group consisted of 12 severely burned
patients with-burng of 20 to 68% of total body surface m:ea ('I‘Bsi). )
A'second group was couprised Jf 3 moderately burned patients with
burns of 15 to 20% TBSA. The third group of 13 patienta, consisteg‘
of 1 nomal, 6 elective surgical patients and 6 patients reduiring
emergenc;y surgery for closure of perforated ulcers. Metaholi_g‘ f;‘te ._ ¥ 3
- determinations were made indirectly frwoz. Cope fomﬁht : ‘;&
patients suffering from large burns had Qf’o to 60% increaae in basal 7 .
"~ EE above normal This elevation was observed for up to. two months .
following the injury. Patients suffering from smaller bums (15 to .‘
20% TBSA) had only slight increases in: basal netabolism which
returned to normal within"a few d?ys. For patients who underwent
Auncd'nplicated elective surgery, basal metabolism was ight1ly
increased;postope'ratively but returned to the preoperative levels in
5 to 7 days. The six patients who underwent surgery for perforated
ulcers showed an mcreasé in basal metabolism of the same magnitude
as severely burned patients. However, th:ls increase lastedvonly one
to three days postoperatively and rapidly returned to normal. For 8
severely burned patients and 1 moderately burned patient, uptake of
iodine-131 by the thyroid gland as an index of thyroid function was
normal. Cope observed that metabolic rate in severelyobumed
patients remained greatly elevated during the initial post-injury
weeks and did not decrease to normal until wound healing wvas .  °
virtually conplete. Be concluded that increased V0, appeared to be -

!



: sophisticated system for measun.ng gas: exchange in acutely mjured
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proportional to the seventy of the burn injury. e
" Kinney and colleagues have contributed several studies on the

K metmolism of injured patients ‘(61 63 64,108, 109). Early studies
 were petfomed usmg a Douglas bag technique by Wthh the patlent s
"'ﬂexpired gas was collected and analysed for short mtervals several

@

times during a twenty—fqur hour Pel'l°d (61). They found that in many

instances postoperative measurements of EE d1d not increase above

J
preoperative levels. Desplte ‘this fmdmg, Kmney agreed w1th Cope s

observation that a slight rise of approxunat‘/‘,f ",-:5‘ to 15% m o

patients showed that EE was 30 to 60% above normal for severe trahma

w1th xmltiple fractures or gun shEE\wounds, 60% above normal for

Fever, often seen dunng t‘he‘ postoperative penod, followmg

S | /x
% injury or in assocxation with 1nfection, ie felt to result from a

.white cell mediated pyrogemc mfluence, on the tenperatqre regulating “
' oentre in the bram. In 1921, DuBom published a review on basal L
| ’metabolism during fevet suggestmg that an 1ncrease in tenperature

was asaociated with a proportional mcrease in metabolic rate (35) .
]

, mBois based this theory on éérrpiled data of basal metabolism

\ jmeasurements made during typhoid fever, nalana, tuberculosxs, :

v, !
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‘ ‘w1th uncompllcated surgery, m.lltlple mjurles, mjury with

' quantlfled by several authors and are often presentedom the form of - ’

 simple nomograns (65,111) .. Although such predlctlons may be valuable e,’;&
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‘erysipelas, arthritis and following intravenous injection of

protein. He found that out of a total of 137 experiments on this -‘
heterogeneous populatlon, there was only a small variation in |
metabollc rate for a given temperature. DuBois concluded from his
study that for every 1% rlse in body temperature above normal, the
basal metabolic rate increased by approxlmately 13%. Application ot

“ DuBms s rule during injury and injury- oompllcated by mfect:.on has

been dlsputed by further research. Copm et al found that changes in

dally V02 post-injury were not alwaﬁ accompanled by changes in ' O

body tenperatures (25). Other »researchers have supported the fact

that changes in body temperature followmg mjury, surgery and/or

_infection are assocmted w1th varlable responses in EE (52,53)

Changes in basal metabollsm following injury is varlable and

often d1ff1cult to quantltate. General trends of EE for patients '

. pre—ex:.stmg malnutrltlon and other abnormal cond1tlons ha.ve been

tn‘

in estunatmg EE of vanous patlent groupe, their abllxty to O
accurately estmate EE of“ 1nd1v.1dual ytlents is limited, due to the
large vaf}abihty often,seen w1thm ff groups Elywn suggested that ;
it is.not uncamm; for resting EE to’be under or overestmated by 308
in hosp1ta.11zed pat1ents and that thlS error is further confounded
when one trles to corre,ct‘ for stress, disease, food utilization and |
activity (45). This problem is further magnified for patients whose
.'injuri/es are ooﬁxplicéted by infection and bsepsis. ,Superimposed : B
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infection can have ‘an unprediCtable iﬁflue’me on enerqgy metabolism.
(1) Energy Expenditure in Spontaneously Breathing Septic Patients
L Gump et al. studied \'702, whole body and splanchnic blood flow
in patients w;Lth mtraperitoneal infection (52) . Fifteen patients
(13 males, 2, females) con51dered to be acutely 111 due to mfectlon .
' were studied. ‘None were hypotensive or requ1red mechanical

' ventilation or supplemental oxygen. Resting V0, wa 1th1n 15¢ of

grining 9 Ratients,
w@ .
‘In opposition

vpredicted normal fvalues for 6 patients. In

‘ VOZ was increased by 19 to 44% above no -
| to.mBois's theory on feé:l:‘,v Gump etfa\l* - correlation
between body ;tenperature and \'702.' " For. the o pat er:ts with normal

& | \'70"2.' splanchnic blood £low was also norndl. -However for 9 patients

with elevated V0., splanchnic blood flow was increased. The

27
authors concluded that splsnchnic' cir'culati'on may play a key role in
}'hemdynamc and metabolic changes associated with fever and .
| intraperitoneal infection. |
B Long studied the EE of» _sir septic patients {70) « Neither the ..
criteria used to define sepsis or the tyoe of infection'pr‘esent were
| reported :Energ_y expenditure was measured indirectly by analysing
o \ dxygen and carbon dioxide in patient's expired air using a Flow
% - system through a rigid head canopy He reported a nean EE of 30.17¢
T 5.56 calories per kilogram body weight- per day which represeﬁted a
308 increase above the normal values. | | |

Subsequent to these earlier reports of EE dunng sepsx{;i'g,r!9 R
spontaneously breqthi.ng patients, aocurate met.hods of indirect

.‘Q'

T
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calorimetry for measuring gas exchange of patients requiring

" mechanical ventilation, became available. This further complicated
the ability to predict EE during sepms. That is, does the presence
of sepsis m a patient capable of. spontaneous respiration have the

~ same effect on EE as in patients who require mechanical ventilation?

Halmagyi and Kinney addressed this question by measuring metabolic

!

rates of bath se ;15‘ , and non-septic patients who required mechanjical

.ventilation (54). urement of’gas exchange was performed using a .
mass spectrometer to analyse both mspired and expired gases. In 10
non-septic patients, metabolic rate was found to be within prediCted‘
. .bnormal range with “averagek‘)oz of 126420 ml per min per square meter
of body surface.ﬂowever the metabolic rate of septic patients was
greatly elevated, V02 was’ 184+33 ml per min: per square meter ofM-
body surface or approxurately 60% above normal predicted values., In’ |
a previous study, Halmagyi and Kinney found the mean VO:Z of
spontaneously breathmg septic patients to be 38% greater than
A‘predicted normal values (53). From these observatfons,- the authors
concluded that hypemtamltén/ during sepsis appeared to be,
proportional to the clinical seventy of the patient s condition.

An mteresting study by Giovahm.ni et al. further exphasizes the
»complexity of EE dur‘ing sepsis -(50) .« They performed gas exchange o
| measurenents on 99 mechanically ventilated critically i1l surgical
patients. Thirty—three patients studied were septic as defined by
- the presence of positive blood cultures and/or positive cultures from
*wound sites. Sixty-six patients wer ‘Med following surgical or

')heir results 5

nonsurgical trauma without septic co



showed that septic patients had significantly higher \'70-2'5 and ‘
metabolic rates. Oxygen constmptioh was 173+50 versus 15545 ml per
minute per square meéter of bodyhsurface- and EE was 51+14 versus 45+13
calories per &;uare meter of body surface- per hour fOr septlc and
nonseptlc pat:rents, respectively. The level of metabo ic rate
corresponded to a mean increase above normal values (based on the
Harris and Benedict 'egaauan)\ of 35% in septic patients and '34% in
non-septlc patients. “ '

On further ana1y31s of their data, based on chmcal srgns and
patterns of per1pheral oxygen extractlon as reflected by mixed venou_s
oxygen partd.al pressure (PV02) ’ G10vannin1 found 31gn1f1cant
differences_' within the septlc group. For septlc patlents with h1gh
PVO"s (equal to or greater than 42 mmHg), pattern was observed
| which was. characterized by more severe deterloratlon of clinical
status. includmg profound hypoalbunmema, severe mental confus1on,
hypotensmn and increasing blood urea mtrogen. In contrast, |
patients with normal or low 1=v02 (less than 42 mmig) showed a more
_‘conpensated response w1thout signs of major metabollc abnormahties.
Patients with high PGOz's had a significantly: lower V02-and
metabolic rate and a significantly higher cardiac index than patients
with noriml P00, @n consumption was 135+58 versus 180+45 Ml
per minute per square meter of body surface, EE was 41+15 versus 52+
13 ‘calories per square metexi(;f body surface per hour and cardiac
| index was 7.6+3.2 versus 47,6 _2 3 lyters per m.mute per square meter
 of body surface, for patierﬁ \uth low PVO 's and ‘high on
B respectively. :rhe authors concluded that septfc patients in a more
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deteriorated stage of sepsis, despite increased needs, were unable to
extract oxygen resulting in a decreased \702 and metabolic rate.

‘Thls study illustrated the variable and unpredictable response in
VO2 and EE that can be seen dunng -sepsis.
- From the l1terature thus far rev:.ewed, it is evident that -
accurate predlctlon of EE based on data from normal individuals ror
1nd1v1duals with varymg degrees of illness is probably an
| :unreallstlc endeavour . Unfortunately with such discrepancies seen in
r.elatively.-'simple' populations,. one' is skeptical about the likelihood
of being able to aecurately and_.eonsistently predigt enerqy
requirements in the very complex-critically ill patient popﬁiation.
VIIT Metabolic Studies of Critically I1l Patients
In the last 5 years with the development of "iaort_able metabolic
carts that are capable of measuring gas 'exchancje in spontaneously and
mechanically ventilated patients, many studies have been-and continue
to be publAiShe.d on the EE of criticaliy ill patients. The degree to
- which critically ill patients are hypermetabolic has become a major
area of controversy among mvestlgators. 0
Much of the dlscrepancy seen between studies on EE of the
cr1t1cally i1l patlent is likely related to the definitlon of
cr1t1cal 1llness . In many of the following research papers, ‘
- investigators have lumped tog'etherpatients‘with numerous condjgions
such as inflamnatory bowel disease, postoperative sepsis,mltisystayn
organ failure, respiratory fa'ilnre"and go forth, to cumlatively "
represent criticaily. i1l patients. Whether or not one ¢an justify

&
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; collectively reporting EE should depend on the teproduc1b111ty of the
results. o ‘ ‘ S ‘
(1) Metabolic Studies in Spontaneously Breathing Patients
o The earliet;t?i studies on patients oonsidered to be critically ill
were limited to spontaneously breathing patients since accu'rate
‘:hniques to easure EE of mechanically ventilated patients were -not
_ - available. Rutten et al. in 1975 retrospectlvely investigated the
o energy requirements of 13 patients (98). From nitrogen balance
studies they calculated the number of calories needed to be infused
- in order to attain positive nitrogen balance Using predicted EE
based on the Harris and Ber;edict equation, they. detetmine‘d thet.a
nultiplz.catlon factor of 1.75 was appropnate. Predicted EE usmg
the Harris and Benedlct, nultlphed by 1. 75, comnonly became kncmn as
| the Rutten formula. o \ .
Gazzaniga et al. performed measured EE experiments on a group of
acutely catabolic" patients to evaluate accuracy of the Rutten
fomula (47) . They studied 50 spontaneously breathing patients using
the Douglas bag technﬁque. Seventeen of the patlents recelved total |
parenteral nutrition at the time of the study . Wlth an’ average

infusion rate of 45+3 calories per kilogram body mlght per day. For
__ these 17 patientf, the type of mness, measured EE, predicted EE
\med\%thj;:en equation (Harris Benedict equation x 1.75) and
 predicted EE based on the Barris and Benedict equation is included in
Table 1-5. - " o

Mean measured EE was 2825 and 2000 calones per day for males and
females. respective Y. Mean predicted EE based on the Rutten formla

e v .
. - N @ . o
- . .
.
1 ¢ ) : .
. : . . .
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was“2700 and 2088 calories per day for males and .females, | |
respectively. The investigators tl'merefore’concluded that the Rutten
formula tended‘{to underegthﬁte caloric needs. Interestingly, for
this sub-group of 17 patients, the range and varisbility in EE was .
enormous. Usihé the Harris and Benedict equatjon to predict normal 'I;:;
EE, measured EE ranged from 14 to 1298 above 1:\o\rmal (63+43%, mean+SD) |
for females and 42 to 1334 above nomal’ (83435%, mean+SD) for males.
 Nine of 17 patients had measured EE less than 75% above predicted:
values (45+16%). In view of the large discrepancies seen\, one mlght-
question the valldlty of the investigator's conclusion that the |
Rutten formula underestimates energy requirements. ‘
~In tesponse to the suggestion that EE is greatly'elevated m the

"acutely i1l patient”, Quebbeman et al. (89) and later Mamn et al.
(7_’8)"performed further studies. Quebbeman et al. studied a variable
gréup of 6"ll spéntaneously breathing patients including malnourished,
post-surgical and severely catabolic patients. They found the ’,
average measured EE was lv 5‘74+260 (mean+SD) calories per day for 39

. males and 1,2714+211 (mean _SDT calories per day for 28 females.

‘Comparing their results with two predlctlve formilas, the Harris and
~“'Benedict equation (55) and the Aub and DuBois linear formula for: body
surface area (6),. they found that neither formula accurately
preéicted' measured EE. The investlgators therefore" developed two new
linear regression equatlons, one based on body weight and one based |
~ on body surface area to more acwrately-predict EE. They concluded
that the equations could accurately predict EE ;egatdless of the

‘patient's clinical diagnosis. These.equations have not been
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validated by subsequent studies.

Mann et al. in a more recent study evaluated accuracy of the
Rutten formula for predicting EE of 50 “acutely ill" patiehts (78)

. Energy expenditure was measured by indirect calorimetry using a
portable metabolic cart m both mechanically ventilated and
spontaneously breathing patients. All patients received total ,
parenteral nutritlon at the time of study. Table 1-6 includes the
results from the1r study.

Mann et al found that predlcted EE based on the Rutten formula
greatly overestlmated caloric needs by approxmtely 49%.  They
teported that an average caloric replactht of 16% above predicted
EE bas;ed on the Harris and Benedict ‘equation was appropr;late.'
Validity of this conclusion based on this data is questionable.
F£rstly, the factor of 16% was derived from mean values of the
diagnostic groups, and variability between patients within the
- different groups was not reported. Therefore the number of patients
with EE's possibly deviating from this value is not known. Secondly,
the r&nge of éercentag; increase in measured EE above predicted EE
for différent diagnostic groups of patients was 7.9 to -37.74%. For 11
. patients, mean percentage increase was greater than 35%. Therefore
- using a mean factor of 16% above predicted normal requirements to
quide nutritional intake would lead to substantial underfeeding in a
.large number of patients. ‘ | -

(ii) Het:al.)ollic' Studies .in Heéhaniqally Ventilated Patients
Witim the dévelop'nent of gas exchange techniques capable of
accurately measuring the EE of mechanically v lated critically 111

}b-

e
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| o
. patients, the effect of mechanical ventilation on EE was brought

fo;th. -Burzstein et al. addressed this question by studying 20
postoperative patients, 8 patients with multiple injuries, 6 with
severe burns; 3 with postoperative Bseptic complications and 3 with
coma (21). Each patient served as his/her own conttol and

~ measurements were made before and after mechanical ventilatory
support. Mean VO during spontaneous respiration was 397+146 ml

per minute and durin iratory support on mechanical ventilation

was 3034117 ml per
in V0, of 24%. Burzstein concluded that in critically in patients

- 44 -

4

This represented a significant reduction

AN

the oxygen cost of spontaneous respiration can be mcreased up to 30%

above normal value .

Savino et al. also investigated the contribution of work of

breathing to EE in 20 critically ill surgical patientgs (99). They.

studied 14 multiple trauma patients, 3 postoperative surgery
patients, and 3 postcoronary artery bypass patients. Indirect
calorimetry was performed using a portable metabolic cart, the

MGM/TWO Gas Monitor. Gas exchange was monitored} ‘continuously over a

1 hour period during both assisted mandatory ventilation (AMV) and
intermittent mechanical ventilation (IMV). Both V0, and EE were
significantly higher, 11.8 and 10.7% respectively, while patients
vere on IMV compared ‘to ;AHV. While on AMV Y0, was 307451 ml per |
minute (meantSD) and EE was 2,128+341 calories per day. On IMV the
V0, was 348455 ml per minute and EE was 2, 380+369 calories per

day. Mean percentage increase in measured EE above pte&ghed EE was Q'-)

28+19% during AMV (range 2 to 708) and 43421% during IV (rmge

Y
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120 to 94%). The investigators concluded that patients supported on . .
assist mode ventilation had decreased work of breathing as reflected
by lover V0, and EE and that the Harris and Benedict equation |
inaccurately prediéted EE. ; . '

In opposition to large increases in EE reported in earher
studies, several recent studies (7,16,8,109) have proposed that
critically ill patients are not highly hypermetabolic and do not have

- large increases in EE. Baker et al. investigated EE of a group of 20
.‘ critically i1l patients admitted: to the Respiratory ICU at the
o ko Ger ral ."Hospital (7) @, ; pat:.ents required mechanical
. ooE | Pgetgni.‘de ﬁtionsz? predicted EE using the
‘ Medm.%ﬂ ; ¢entage mcrease in

,vidual patients are. extremely variable. ‘Measured EE ranged from
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is so‘ large. From this data, the1r conclusion that there is only a

small degree of’ hypermetabolxsm seen in crltlcally 111 patlents,
" canriot. be supported. EE |

Weissman et al have reported numerous studles on EE ,m

- critically 111 patients in the past few years (107,108, 109) . A
recent report oompared measured EE to pred1cted EE by two comnonly
'vused predictrve fonmlae, the Harris and Benedlct equation and the

Aub and DuBoJ.s standards based.on body surface area (109). A

_47.

fcarefully defmed subgroup of the cr1t1cally i1l patlent poptxlatlon"

N et

- was studied. Forty mechanlcally ventrlated postopera{tlve pat1ents ‘

who were hemodyna:mcally stable, noncomatose and nons‘eptlc were
studled Ind:.rect calon.metry was performed us:mg a Ertable

metabollc cart. They found that measured EE correlated ‘poorly mth .

_ {ﬁlcted EE. For the Harrls and Benedict. equatloh the correlatlon g

coefficient was 0. 57 and'ﬁfor the Aub. and DuBois standards the
“correlation coeff1c1ent was 0 59 Mean restmg EE was 20 9+4 8

'calorles per kllogram per day or 819 5+J.58 3m per square meter of

I3
-7

k3

body surface per day. The authors pomted out'theglarge var1ab1;1ty

seen in the data,rsuggest'ing that it was likely due to xtany 'factors .

present in the crit1ca1 care settmg, mclud:mg the amount of

\sedation administered, nutntlonal mtake and the 1n1cal condltlon :

of the patlent However, despite large variabihty in the data, thev |

’ conauded that patients were not profoundly hypermetabolic since -

-frmeasured resting EE averaged only 3.8% abbve predlcted EE. 'I’hey also

| to ‘which éitrary activity and mJury factors are added may result
N (J B

-

: :ooncluded that \estination of EE on the bas15 of predlctlve fomulas '



\ | in srgnlflcant overfeedmg. These researchers emphasized that the
role of standard predlctlve fornulas for relxable estimation of EE in !
crltlcally 111 patlents should be serlously questloned Although '
thlS report describes a gsmall increase ‘in measured EE above predicted
EE, it should be remembered £hat the patient population studied

‘ represents only a small subgroup of the c/rltlcally 111 patlent ’
populatlon. Whether or not a srmllrar degree of a hypermetabolism is
appllcable to other groups of cr1t1callyfblll patients, such as
postoperatlve /trauma patlents compllcatfed by sepsis, acute renal
fallure, acute pancreatltls, multlsystem organ fallure, etc. has n{ptll

been determined. - /

/

A study per\fomed by Bartlett and colleagues in 1982 on EE

: assoc1ated w1th multiple organ fallque accurately addresses the issue
[

f

of EE, during critical 1llness (9). ]i‘he authors did not attempt to
f1x a defmltlve value to the percerhtage mcrease of measured EE
above predlcted EE. Instead, they suggested that the large .
var1ab111ty in the results supports the need to dlrectly measure EE
for management of the nutrltlonal requlrements in cr1t1cal illness.
Estlmatlon of calorlc requlrements was found to be only generally
related to measured EE and- therefore estlmatlons of EE resulted in
w1de swmgs of hypercalorlc and hypocalonc feedmgs. ‘since both |
extremes are potentrally related to mgmfrcam;’canplication& the o
need for dlrect measurement of EE in thJ.s group of patxents is well
y

sumorted S R A

*
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(1) The Atvater-Rosa-Benedict cuorm%tér

- At the turn of the 20th oentry, a large number of respiration
chan'bers for human experiments were bemg co%ructed in Europe and

; North America. ‘A resplratlon chamber, by defmJ.tlon, refers to an

apparatus ,capable of simultanecusly determining EE by measuring heat

" loss .‘(direct calorimetry) and gaseous exchangé (indirect calorimetry)

1

(40). Prdbably’ the best known apparatus of this ty}pe was constructed
by ‘Atwater, Rosa'and Benedi:t in Middleton, New York. “The
Atwater-Rosa—Benedlct Respuatlon Calor:uneter was the prototype
desxgn from which most -other resplratlon chambers were patterned.:
The apparatus was d1v1ded mtd two fundamental parts, one for
measurmg gaseous exchange and the other for measurmg heat
productioﬁ of a subject. Lusk publlshed a detalled descrlptlon of
the Respiratlon chamber bu11t at the Russell Sage Instltute of
Pathology which was baséd on the pr1nc1ples of: the ’
Atwater-Rosa—BenedJ.ct Resplratlon Calormeter (71) .

The chamber was lax[rge énough for a subject to lie or sit
oomfortably in the apparatus. The air w1th1n the chamber was
purifled by drawmg 1t out of an openmg through a system of
absorbers and then retLrning “1t to the box. The air f1rst passed
through hydrogen sulfide to renove the ‘water, then through a bottle
oontaining hydrogen s}ulflde to absorb &he moisture taken from the
soda l:.me., The gain m welght of the first bottle oontammg
hydrogen sulfide represented the water produoed and the gain m‘

weight of the seoond and third bottle represented the amount of

: !
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. 'F\S A .
carbon’ ledee absorbed *Both carbon dioxide and. water produced by
the subJect was removed by this method. Oxygen was smultaneously .
added to the chamber from an oxygen cyl:inder in order to replace the |
~oxygen the subject consumed from the a1r. The amount of oxygen "
" consumed was determlned from weighing the cylmder prior to and\‘(,at | ﬁ;
’ , the end of the’ experunent. The methods of measuring gas exchangé‘ was gy .
,‘ valldated by alcohol checks, where the actual oxygen consumed and RQ
produced when ethyl alcohol was bﬂrned within the system could be
‘compared to known values. _ | "” ' |

" The measurement of -heat.-prOdUCtion was the sum of two . &3
components. Approx:.mately one-quarter of heat 1oss from the body'vwas
‘through water vapor. This was deternuned by welghmg the amount of
water remov’ed'by thehydrogen sulf1de. At 20% the latent, heat m
1 gram of Vapor'lzed water 1s equal to 0.586 calorles. By knc)wmg
the welght ‘bf the hydrogen sulf1de bottle\ before and after the
expenment, heat loss ‘could be determmed. 'I'he ~second component H
1nvolved the measurement of heat loss by radlatlon and conductmn:
No heat loss could occur through the chanber walls. | ‘Heat produced by
_y a subject was removed by a current of cold water flcwmg through |
Vcopper tubes suspended frcm the upper wall of the chanber. By
knowmg the temperature of the ingoing‘and outgomg water and the
' quantlty of' water ﬂw1ng through the p1pes in a given time, the
'quantlty of heat loss could be calculated. ‘

Resplratlon chanbers proved to be extremely accurate methods of
smultanecusly meas&rmg heat productlcn and gaseous exchange to

57 B

determme EE (23,4%49;. ,'l‘he major disadvantages were their large

o : T .

- .
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size, the relatively long period of time (2-12 hrs). needed for study,
.and operational costs. Although some. resplratlon chanbers are still
in use, today, they are mainly used to study obesity for which
long-term energy balance (often greater than 24 to 48 hrs) is of
interest (29,58,104) . Obv1ously such lengthy studles are not
practical and often not possible for appl1catlo'n“t:.o hospitalized
pat1ents and especially not adaptable for use on mechamcally
ventilated critlcally ill patients. As a result, in the clmlcal
setting, large calorimeters have gradually been replaced by snaller
apparatuses which méasure gaseous exchange only.
(i1) The Zunt;”and Geppart Apparatus ‘ |
Varlous methods for measurlng gaseous exchange have beeh
developed. One of the earliest ®ystems was developed by Zuntz and ‘
Geppart -(40) . A subject would lie mtionless on a cot for a one-half
hour period prior to testing. The nostrils were tightly clamped by a
. 'nose chp and expired air was collected through a mouth—plece whlch
was connected to a large gas meter. A one-way valve allowed the
patient to draw air in from the room. Patient's expired air was,
forced through the meter to measure expired volume and at the same K
time a sample of explred gas would enter mto burettes in a water
bath for gas analys1s. Tests lasted approxurately 10 to 15 mmutes.
Expired carbon dioxide was measured by caustic potash and oxygen was _
measured by yel]gw stick sulfur. Carbon dioxide production and -
oxygen oonsumption could be calculated by kno?mg the 1ength -of time
~ of the experiment,%voltm\e of exp:.red air, . volume of catbon ledee

re

'“-producedandvolme ofoxygen consumed.
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employed the same techniques with the exception of measuring expired o
volume by a displacement Tissot spirometer instead of a gasometer.
(iii) The Benedict Universal Apparatus | g |
( In 1909, Benedict developed the Benedict Universal Respiration'
Apparatus vhich was a closed system of measuring gas exchange by
isolating the patient's respiratory tract (40). The subJect was
attached to a system of pipes that ‘were connected to the respiratory
apparatus by means of a mouth—piece and nose clip. The same air was-
breathed over and over. Water was removed by hydrogen sulfide and
carbon dioxide was removed by soda lime and oxygen, as it was
~consumed, was replaced 1nto the system by an oxygen cylinder. The.
volume of inspiréd and expired a1r was measured by a -spirometer.
-Carbon dioxide and .oxygen consmnption could be easily calculated.
(iv) The Douglas Bag Technique
In: 1911, Douglas first descrlbed what is now well-known as the ‘
Douglas bag technique (30). All the patient 5 expired air was
" collected in a large vulcanlzed rubber bag (30 to 100 litre .y
* capacity). ﬂwor advantage of this device was that it was »
lightweight and portable and could be carried on the subject's back..”'

A mouthpiece was supported by a head harness which was connected to

aDouglas bag.‘ On expiration, a large three—way valve directed all

(

bired air into the bag. At the end of the experiment, the volm -
; A ‘,-"f»collected was: ngasured by a meter and a sample of expired gas was
.}'removed for carbon adioxide and oxygen analysis. '

‘ Shepard publisbed a cntique of the Douglas bag technique and ‘
"suggested that errors in measurement could be of two types (102) .

e : : o

P . .o
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Firstly, there may be a gross loss‘ of gas contents due to faulty
technique. Secondly, there may be selective loss of gases attributed
to diffusion through pores of the rubber bag. The bag should be |
enptied shortly after comoletion of the experiment, within 10 to 15 |
‘minntes in ordey to minimize the diffnsional error. Shepard found
that when a lOO.litre‘ Douglas 'bag;was filled with 25, 55 and 65 |

h litres of 100 percent oxygen, the diffusion rate of oxygen from the ‘
bag was approximately 150, 270 and 200 ml per hour, respectively, and
the diffusion of mtrogen into the bag from the outside was
_approximately 75, 100 and 80 ml per hour respectively. Such factors

‘_ are likely insj,gmflcant when lstuo}es‘ are performed at room air -
cdmentrotions. Ho&ever Qhegn etudying’ ventilqted patients who
require high concentrations of“fy o;rygen, diff.usionlof oxygen out oof and
nitrogen into the bag will have a more pronounced effect on the

Krezsqltss obtained. Meticulous care in gas collection using the —
Douglas bag or any other techmque is requlred to prevent erroneous .

¥ results. e ‘

W1th mcreasmg technology. many types of gas exchange methods
have evolved. Although the devxces useq to measure gaseous exchange

fnay be varied, , t corftain components that W1ll

"";;-;{'mthe clincial setting. e °o EE
"-';i.;'. v Rinney et al- began using the Dbuglas ba% 1: ni »
: | A‘/of hospltalized patients (61). However‘, such a‘. t '

Y , .
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to patients.capable of cooperating with the test procedure. This
often eliminated the ability to study acutely ill patients who

4cnnnonly exhibited incieased’hinute ventilation because of the

additional work of breathing caused by tiéht fitting face masks or

mouth—pieces (65). _ .

(v) Kinney et al's Head Canopy System

As a result, kinney's group developed a more sditable head canopy
system which was non-invasive and eliminated the.attachmgnt to the'“ ;
face or airway (62). This system permitted long, continuous,
comfortéle measurement of gas _exchanw in more acutely ill - '
spontaneously breathing patients. A clear plastic head canoﬁy was
securely fastened around the subject's neck to"prevenp any leaks.

The canopy was ventilated wiiﬁ an air flow of approximately 40 iitreé

per minute pﬁmped from a- source. of filtered air-conditioned air.

- The outlet air was directed Ehrough a flow system and samples were
pumped into a carbon dioxide and’oxygen analyzer for gas anaiysis.
The system could be aqapted to deliver up to 40% oxygen to
spontaneously breathing patients whose clinical c;hdiﬁion»required a

- high level of ongen. S&stems such as that designed by Kinney et al

_Qere a step closer to measuring gas exchange in ill spontaneously
‘breathing patients. However, the head canopy systém‘was incapﬁplé’of
meésuring energy exchange in patients requiring mechanical |

ventilation.
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(i) Principles of Gas Exchange
Increasing interest led to the developnent of many portable |
@%m specifically designed to measure the EE of hosp1ta11zed
natients. Norton has reviewed the principles that- apply to most of -
E'>these systems (87). Oxygen consumption is calculated by the

.
Vo .

3

following formula:

W, = [V x F.0,] - [VE x’FEOZJ

inspired oxygen flow expired oxygen flow
where \'f and VE are the inspired and expired ventilation, and

F;0, and FEO2 are the “inspired and expired fractions of

oxygen, respectively. The inspired air ‘is separated from the expired |

air by a non-rehreathing valve. The expired air is collected, gas
g,a.. ) N .;
composition anaIyzed*ané its volume measured, thus providing the

terms of VE and F 0,. The F,0, is not measured and is

assumed to be normal room air containing 20.93% oxygen. The insp(ired,

voélqme (VI) is calculated from the Haldane transformation as

Vp = Vg [Fgy / PNy
where F N and FBN2 are the inspired and expired nitrogen

concentrations of the air. 'I‘he FBN’Z is usually calculated from

Dalton's. law of partx% pressures where:
- Fghy = 1- [F0, + F00,]
Therefore, by replacing the appropriate variables, V0, can be

_expressed by the following equation:
A . ' : o



Vo, = [F{0, FgNy = FgO,] ¥ STPD
N | -
Qbere Vg STPD refers thtv.he expired minute volume,corrected to
standard pressure and temperaturé. B |
(ii) ‘Components Used to Measure Gas Exchange
Classical eicperiments of gas analysis using wet chemistry
techniques have been replaced by more donvenient techniques that are
as éccurate and have faster response times. Measurements of oxygen
can be carried out by using 'VatiT(-)-:l; technfques such as polarographic
cells, zirconium oxide cellé and paramagnetic cells. Carbon dioxide

analysis is commonly made using a non?dispersive infrared cell.

. Volume of expired gas can be measured in miny ways. The most direct -

approach-is to collect all the expired air in a large bag and measure
the volume by ‘evacuating the bag {:hrough a displacement gasometer, a

dry gasometer or into a spirometer. This requires the collection and

-transport of large volumes of gases which is not practical in the

hospital environment. Therefqré, volume measurement of most present
day portable systemg is performed by measuring .flov_l and integrating
this to obtain vo:l. A turbine flow tfansducer that spins as gas
flows through it, is used in some systems. Others utilize a
pneumotachograph which meaéures flow—dependent differential
‘pressure. One of the major disadvantages of these ,systeths is the ~
mh—linearity of the transducers at low flow\qtes The discutsion
of specific analyzers and flow devices used to meaBure gas
concentration volumes will be limited to the system uaéd\xn\this

thesis.
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. In addition to measuring expired volume and concentrations of |
catbon dioxide and oxygen, it is also necesaary to meuure the
barometric pressure, temperature of expired gases and’ the length of
‘time of tlxe"study..- Actual volume measuftments must be corrected to
standard conditions (0°C, 760 mn of mercury pressure and 0% water
vapor) .’ Most automated portable systems avaulable today include °
- fittings for &onnectlng the patient to t em, ‘oxygen and carbon
dioxide analyzers, a volume measurgnent device, temperature
ﬁransducer and a computer to handle, colléct, process and compute
results. | )
(iii) Principles of Gas Exchange Measurements in Mechanically

.FVentilated Patients
Only recently have automated portable systems, origipally

~ designed for exercise studies, been adapted to measure gase;)us ' ,
exchange in mechanicélly ventilated patients (41,78,99,109,110). The
major modification required. to the exiéting systems was the
capal.aility of continuously measuring the fraction of inspired oxygen
(F0,) received by the mechanically ventilated patient who often |
reoeived_ an FI>02 above that of ro&n air. r?easm:ement 6f F'IO2 -
is usually accomplished by connecting a sample line from the
inspiratory limb of the pétient's ventilatory. ciré/u\it. By computer
controlled time intervals, sanples of inspired and explred oxygen
concentrations are analyzed by the oxygen analyzer (usually at 30
second iptervals) . Computation of \bz is based on the equations
previously described, except that the actual measured F{0, value
| replaces the previously asauned F,0, value of 0.2093. ﬁeéause



both. l?Io2 and 'FEO2 cannot be simultaneously measured by a -
single oxygen analyzer, most systems assume that the F %2 ' )
measured during a set time interval will correspond to the FBO f\\/-\)

2 .

L4

value measured inmediately preceding or following that interval, (\/
Such an assumption may not always hold true and therefore the ability |
to maintain the F O2 within a narrow range is necessary to_ensure

accurate result:s. Browning recently addressed this problem and

found that large fluctuations in F10, values could lead to |

considerable error in the. results eptained (20). This error could be

reduced by using an accurate external oxygen blender to previde the

desired F0, level instead of relying on the internal nlender of

‘the ventilator..

1 :
(iv) The Gould 9000 IV Computerized Pulnonary Function Cart

The Gould 9000 IV ‘Car‘lputerized Pulmonary Lab-Ventilator Option
is the porteble automated sjrstem used to measure gas exchange in this
thesis (Fiqure 1-:1). The 9000‘4IV :‘as originally designed to perform
pulmonary eicercise testing and gas exchange measurements of .
spontaneously breathing _subjects (51)“. It has been used extensively .4
for the measurement of respiratory function during the trraining bf
. .'Olympic ai:hletes. Recently the system has been modified such that it
can be used to measu gas exchange of both spontaneously breath,ingvv“
and mechanically ve jilated patients. The system contains four major

components: a 32K random access memory (RAM) couputer with a cathode ‘
ray tube ((‘m') real-time graphics display and memory printer/plotter;
a dry-rolling seal spirometer; an infrared carbon dioxide analyzer ;

and a paramagnetic oxygen analyzer. & -\\ \
, = \
k"

. :f» 4 ; . ' o o0 i 3
’(’ra o “,' ’ . ) ﬁ, 3.
st P : B & - R

s
g



Photograph of the Gould 90001V Computeriz

used to‘measure energy expenditure I
patients. , :
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K " The dry rolling seal spirometer is used to upuure mimte - |
ventilatlon and respiratory rafe. Gas volume is measured by volume
displaoement of a horizontally mounted ten litre spirometer. The”
moveable piston with fixed cylinder is displayed by air volume. A
flexible silicone dry rolling seal ensures that air-tight integrity
is maintained. Volume measurement is made via direct mechanical
linkage of the piston rod to an ana‘log‘ potentiometer. For each litre
of piston displacetnent, the potentiometer registers a 1 DC volt
change, establishing a direct relationship betyleEn volts produced and
volume displaced A thermome;er probe is located within the-
spirometer and converswn of volume to BTPS units is oomputated
automatically prior tovbrfht-out or display on the CRT screen.

The paramagnetic oxygen analyzer uses the physical characteristic
of oxyngﬁmT"ﬁIEs being strongly attracted to a magnetic field |
(Figure 1-2). \

: / The infrared carbon dioxide analyzer is based on the prinCiples
/\that each gas ; has 1ts own uhique light absorptiorn pattern and that
the amount of energy absorbed is@function of gas oonoentration
(Figure 1-3). The spec1fications and accuracies of the oxygen .

analyzer, carbon dioxide anal v spiraneter, and temperature pi’:obe
, are included in Table 1-8, 4 D ) | ‘

The measurqnent of oxygen and carbon dioxide ' ra'éions and \
~ the volume of exhaled gas are neoesaary for the calmlation for

09‘




'i'he internal diagram of the paremagnetic oxygen an.alyzer.- Varymg
‘-concentrations of oxygen will alter the magnetic forces acting on a
test -body (two mnitrogen filled quartz spheres joined, together by a

. connecting tube in a dumbell configurationy. The dumbell is

-at the midpoint and surrounded by a series of

. electromagnets. The position of the 1 is determined kby the

.magnetic forces acting on'it. & light beam is projected onta a. :
 mirror attached to the center of ‘the dumbell and is reflected onto a ‘
‘pair of light sensitive detector- ¢ Sts: (photocells) .. 'The fagneti¢®

- field acting onrr the test body is -enters the S
- analyzer which causes the dumbell to-rotati tibn of *the dumbéll
... is detected by displaoement of the reflected hgh source across the .

~ photocells. nﬂqsrthe output. of the photocells to change. The

. Change is proportio to the concentration of oxygen surround,mg the
dumbell, A oy .

> w'\‘ D ' ‘;“ . o




a The internal arrangement” of the sample cell used to measure carbon
" dioxide congentration in the Iffrared cafbon dioxide analyzer. .
-~ . Infrared rdy ‘of a .specific wavelength is passed from the source
*s  thrpych ah optigal: fibre and the sample ¢ell. ‘The amount of energy
.- noteibsorifid By tha gas in the sample cell will''exit the sample cell
and coll&t™at the .opposite end of the optical assembly. Accurate
‘measurement of carbon dioxide concentration'in the sample cell is
achieved by coroaring the output signalf® with zero gas # the sample ..
‘cell to the output signal when the gas is present in the sample ST
- ;cell. » . . ) - R ° R - .
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metabolic EE of both spontaneously breathing and critically ill

patients receiving mechanical vexbilation. 'I'he ability to accurately ,
TR
rne/asure these parameters becomes increasmgly inportant as the '

@

F0, a patient receives is 1ncreased Any source of error, & ,, .
I

o

as flucuations in the F,0. received by the patient, ‘leaks w

i ) o
the ventilator-EE measurement system, or analyzer accuracy, will be o
progress:wely magnified as the F O2 is increased (21). *
(i) ,‘ Fluctuations in F;0, Value | -
| Variations m hospital gas line ‘pressures or minute~to-mnute
changes «1moxygen blender output may- cause fluctuations in. the o ’ | ~
F;0, delivered to the patient. 'BroWning et al showed that : |
delivery of a stable E‘I~ .2 to the patient throughout €ach breath
and between breaths 1s essential to obtain accurate measurement of
\702 (20) . They showed that mternal blenders of ventilators do not v
'prov1de an agequately stable FI 2 to ensure accurate 00 T -

measurement. This'problem however, can be corrected-by using an
accurate exter%l a1r-oxygen blender. Since Browning s work it has
chome common practice to use an external air-oxygen blender during- |
metabolic EE studies in ventilated patients. R '. - : .

¢ }

- Ultman and Burzstein showed that as. the F0, delivef‘ed‘to‘a ‘

oxygen aralyzers have ‘the same limited absolute a'ocuracy at any' .
FIOZ' Since ‘the difference between inspired and expired oxygen
"concentration beoomes narrower as the FI , is increased, a- '."

o limited accuracy will produce a larger error When these umller

P

v
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differences are measured. This can be illustrated by the following o &
exaf(ple. If the maxilmm error oﬁethe oxygen analyzer is +0.0010 of
‘the actual reading (_0 1% oxygen) over a range of 0 to 100% oxygen,
the ‘maximum’ error in. w, obtamed at an'F0, of .2093, .4093,  w
‘ .6093 and .8093 would be +15 ml/mln, +;0 ml/mm, +31 ml/min, and +63¥ W
ml/min re‘ﬁectlvely. oL B
(ii) Leaks $h the Venulator-netabohc Cart System <
L Errors in \’}O can. occqr if there is a 1eak ‘in stem*

A S
tweenwhere theFo is measu.red~andtheFIo2 act ‘ R

I 2
, d&hvered\‘:o the *patlent.:, F&"e&tﬂple, if a mechanicallylentilated ' .
pat1ent is capable of drawmg even mmmnl amounts of ambient air J N
past the endotracheal cu,f% the F0, measured ‘proxnnal to this ’
’ leak w1ll not represent thwrue F 02 received by the patlent.
As a result VO W1ll _be erroneously elevated. Smularly if there o
“is a leak in the explratory circuit of the patlent and anb%‘"ht alw
- “ontaminates the expired gages, the Fy0, will be falseLy low. .
‘Again the. result is a falsely elevated VO In elther 31tuatlon,
- the error in VD is magmfled as the F10, is increased. .
\ . McCamish et al. reoently reported another pdgsxble source of - s
." _error in measuring VO of meghanically ventllat patients (79). R
’I.'hey studied Yo, and x)mz of a, 19 yelt old female who: developed
. ‘subcutanems euphysema and bilateral pnetmothoraoes' post-tramna .
" neoesaitating plaoement of bilateral chest tubes. Continuous air -
leak from the chest tubes wzs aooonpanied by an extrenely elevated
\L\\b andanunphysiologicalRQvalueofappMimtely04toos. |
K The investigators suggest that oxygen leaks fran the lungs in this

1 . e e
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ic purposes., 'rhus, accurate \70 measurarent cannot be nade

e 1ca11y ventilateé patients who ve chg,st tubes inserteq
=3 accurate gas: collection for measurelhEnt bﬁ volume, £1oW and
: concentratioix ‘can be obtained. from the tubes so that there ai‘.no 2
. leaks in fhe system. I S @ M
- Other. scv:urces of error in gas e&change measurénents may be -
metabolic in n'ature. DuBom described a,phenanenon of "ausptmping
‘observed by the Germans, meanmg pmp'mg out /r washing out of carbon
ledee by. hyperventilatYon or over—ventilation of the lungs 1 A

' '_'(39) Auspumpmg or carbon dichag sh-out occurs when the

- LN -,
« patient s effective xiunute ventilation 1s acutely increased, either
» consciously or uncmscxously. During thlS period of over B
. Y

ventilatlon, carbon ledee pxplred per umt time is greatly in
) _
’excess of the’ amount being produced per unit time Thétefore ‘the *

.resulting RQ‘wn;l be erro_

ly high and any calculations based on
" | \'1002 will ‘be incorrect. y

- -

‘aCJ.dOSlS (39). e oo | ”@, ’;;‘..’;"‘f,x'«‘
" Rnanbatta showed that in both animl and’humin studies,

'hypocapnlc alkalosis cag cause a cpns;derable increase in 002, wp . o
to 25% (60)< . S,ince ' gnic alkalosis is associated with n
‘hyperventilation, m;eaé% 5702 is liKely due, at ;l.east in part,
_increased minu‘Ee ventilation. * In both situations, auSpwping and

hypocapnic alkalosis, the changes observed in gas exchange are



o Factors ‘capable of influencing basal metabolic n’;easnrements in-
critically 111 patierts nust be Tdentified by performing metabolic

C "ure{hents on.this group of patients. Thege factors include age,
"o aex and nuscular developnent of the mdividual, diurnal variations, o

prevmus nutritional status, nutrient mtake or mfusmn, prevmus | .
« nusc&lar exertion or stmulus, -ahd the severity of 111né‘ss. |

r‘ih

(i) roportlon of Lean ‘Body Tissue ‘" A . »

- ...C"'

: Benedict et al. (15) and many subse%lent researchers
‘(19 41,49,80)" have shown that the baga mgtabohsn of women is

| consistently lower tha?m men of Simif; ‘ height and weight.- P \ A
' Similiarly it has. been shown that *etés have higher metabollcd’
_’;rates than' non-at%etic 1r1clividua1s of simiiiar size (14). Also - >
i ' 'i»vfpersons of the safve . sex, age ‘and. body weight but dif‘ferent height- |
- %,’have different metabolic rates with the taller indw:.dual haying a

greater meéabonc rate than the’ shorter individual (16). Benedict
’believed that the differemes seen in all these instances oould be

..

explaained by the pfoportion of active protoplasmic tisaue, .or lean
_ _boﬂy tissue, an’individual has. That is, women have a greater .
* proportion of: inert fat than pen. Consequently they have.a lower
" 'lig'f"',porpottion of actis}e ptotoplamic tisﬁue. and a lower. metabolic

".,.’- A R . . S



i"ate»; Athletes have a larger porportion of lean body tissue than
. m
nonathletic individuals, as does a tall thin person in oonparision to "", o

wa shorter more stout indiv1dual of similiar body weight. e o ", ki :
i &li.”»s’?é‘ e &\ g -
a“«ﬁ S

R o '(ii) evmus Nutritional Status . '_ s
. ? hwﬁs‘ %qw‘ ’, mﬂ i k) o : W ! &%

Prevmus nutritional status is known to have a significant

i ~influence on basal metabolism. Starvation and chronic malnutrition u Q{L JI
are assoc1at:ed with large reductions in metabolic rate (3,4 72) . e vl" v
Benedict performed a classical prolonged faStJ.ng study on a noml '»

decreased 12.2 kg in 31 days (41). Metabolism fell a greageg M‘* o

- . .

: SRl N I
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. suggested that gon ‘other mechanism(s) ‘must have oontributed to the F 7

adult man and found basal metabolic rate fell 2

than could be af tributed to loss of lean body tissue so- the t'

. decrease. Chromc nalnutrition is associated with a gradual decline }‘. = N
in basal metabolism (72). Askanazi et al. reported that thé” airerage( :
EE of a group of de.p;leted pstients te be 21% below the predicted.
normal EE (4). Such a factor likely has an inéortant influenoe\on
metabohc measurements of critically ill patients since many of these
patients suffer from chronic malnutrition. |
(iii) Ingestion of Nutrients '
~ The ingestion or infusion of nutrients causes an increase in
‘ EE which gradually returns to normal as digestion and absorption is.
completed. This mcrease is commonly knwn as dietary induced _
thermogenesis. Gephart and DuBois in 1915 found that basal heat
| fproduction of nornal men ipcreased approxintely 12% over 3 to 6
‘ rs follmirg(ngestim of 200 grams of carbohydrate or a casein

‘ meal oontaining 10.5 grm of nitmgen (48). nicury-hnmd

e
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. thermogenesis depends not only| gh the type and emount of nutrient
i’nfused‘(59*'_l7,94) but also on | chag:acteristics of the individual

(4, ‘112) " In normal healthy voluffte :St Zurlo et al. showed a | ¥
4.940. 4% increase in EE dUring oox&ifn‘uous infusion of ent;eral
nutrition (112) Other’ researchersw have shown the metabohc response
to nutrient infusions to be different for normal, malnourished, and

- hypermetabol ic individuals (4,9%113). Askanazi et al. found the
metabolic response in malnourished -patients to be dlfferent from
hypermetabolic patients when amino acids were mfused along with -
carbohydrate (4). In this study carbohydrate was infused in amounts

. exceeding measured EE by 35 to 125%. b?utrient infusion 1n .
malnourished patients res\nlted in a 32% increase in UC0, and a 3%

' increase in \702, whereas in hypermetabohc petxents, the \7C0

| product:m rose 56% and vo, rose 29%. Roza /et al. found that V0, ]

v_ and OCO were sigmfxcantly greateﬁ in malnourishea patlents than .
'previously well nour ished patlents receiving parenteral nutritional

’ support (97). In a reoent study, Rodriguez et al. found that when

: ,intravenous carbohydrate was mfused alone ﬂ(no amino ac1ds given) in *
amounts exceeding resting EE, only a anall thetm.i.c effect"was.
observed for both normal and tramnat:.zed patients (94) . From these
.studies, it appears that nutnent‘infusions to critically i11

“patients will undoubtably “influenoe metabolism. ‘Howe\_r’er the extent
of this influenoe is not’ well understood '

‘ (iv) Physioal Activity - . B

 The eftep-effectqf physioal eznercise on EB depends on the
mtmity. dl:ation and type of eneroiae undertaken. amdict and

.:"
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"tathcart have shown that heat production remains elevated for several
hours following oon}letion of severe bicycle riding (11). Although
this type of ‘exercise . %ill not be perfomed by a critically in |
patient, it is quite possible thgt foll%wing a type of *exercise*shch

y W

as weaning, EE may be elevated. _' S SR
(v)  Diurnal Variation - . . e
Diurnal .variations in geg;ing EE remains an area of '
controversy.  Benedict reported the existence of three distinct -

: metabolic pﬁanes; the lowest occurri.nqgwhile the phtient is asleep,
vfollowed by a 14% increase when the® Bubject is resting early in the
mornmg and finally by a 22% mcrease over the sleeping value when’
the subject is meaéured t‘esting late in the afternoon (16) Bailey

. et al. found that V0, of normal nenandmntohav&acycnc \
'pattem, with gradually increasmg baselines (8). 1In opposition to *

" these findings, Zurlo et al. found no diu /mn“ variation between
_resting valuee obtaz.n, guring the &ming or late afternoon (113).
Weissman et al. studied 3 critically i11 patients for a 24 hour

* period and fognd resting EE%to tze 13;#_2% greater than when the-patient
was asleep (108). However no consistent diurnal pattern throughout °
"the rest of the day was observed. . * '

" (vi) - Analgesia and Seda'tives. . |
y The administgation of analgesi¢ and sedatives to critically 111 E

 patients has bemm to alte; metabolic rate. Rouby et al. (95)
and Rodriquez et al. (93) found that the adni'nstration of 2 to Sag of

) moxyhine sulfate per kilogram of. patient:'s body weight per hour would

»-rcauseanaverage decreaae inVO of zi'F—ao\byetal



suggested tha;mo'rphine may induce a genuine hemodynamic' sedation

that may be beneficial to the patiert by helping to decrease the high .

- metabolic rate induced by pain, anxiety, sestlesaiess and hormonal
. . . 4
stress (28). Damask et al. performed muscle biopsies on a group of
* - normal nb'n to mdet:em.ine metabolic response (28). 7The orocegiure

itself was associated with a significant increase in v02 and

.coz, presumably to be due to pain, which persusted for several
minutes af r the ‘ptooedure was. finished. Weissman et al. found a

| simil‘iar response following various patient procedures in the ICU

such as chest pi’u'y“?iﬁ”u;é?y“'& r&cmtioning (107) The VO2 and

VCO ‘often remained elevated above resting i’evels for 30 or more

minutes. " In view of these findings, 1t has been suggested that it

may be possible to blunt the metabo(ic response aéen 1n critical

. illhess by prouding the patient with adequat: gesia and/or

sedation to minimize pain and anxief:y These studies*suggest that

adninistrdtion of amlgesics and sedatives should be consxdered when

ngtabol}.c measuranents are Jnadh in critica,lly ill patients.

’y_
4 .

(vii) )Severity of Illness N

The last and ptobably most inport&nt factor mfluencing ‘
metabolic tate of critically 111 patients i}s severity of illne§8 and
ci:age of {llness being oonsidered. As reoogmzed by cuthbettson the
metabolic tesponse to injury is churacterized by two distinct phases:
an (gnzly phaae of "reduced viualigy. where the patient is '
hypmetabolic. and a later flow or’ ebb phase whete the patient has
booan hyper-tabolic (27). net&qpc measurements nde m:ing these
uttugntphuhwmmidemmmmu. Cuthbertson also

-



observed that the metabolicresponse was proportiorial to ‘the extent ,

of injury sustained. Fr reviewing the literature on measured EE in 2

cntically 111 patlents ‘:I is apparent that metabolic rates are

varied and inoonsxstent. This variability and 1nconsiatemy is

hkely due to a nunber fa ors such as anxiety, pain and infusion of
nutrients which ‘are diffi t to oonttol in the ICU setting S %y
Severjty of illness is 11kely the most ,'Utportant factor responsible ‘E:J

" for large intra-study and mte:-ai&i;ay var;iability. ‘The' definition of ,?
critical- illness may be v1ewed quite differently among mvesti.@stors |
as evident from the studies reviewed. Some studies contain’both
spontaneously breathing and mechamcally ventrlated pqtients while’ |

,wbther studies only inclgde mechanically ventilated; scme studies | (“'I
include burn, postsurgical tramatiz’ed, and,septic patients while

? other studies only include ysj:surgical}. !g\sebtxc patients; some

» studies mclude both sep't:x,éP and nonse é pa(:lents while- otker

/

studles 1lclude only nonseptic patiemts. '\ ¥ : o
- When a11 of these groups are deemed td be representativé ’of '

cr1t1cally 111"‘ tients, 18 not: s ; g e riablé/

)

and unprediﬂiu’a »

factors for E*,ana !
ents, it. 1{ necessary to

' ation. {Iarious systam for
soormg the severity of illness have é%rolvéd in the last few yeara '
such rauma Sa_)re (22), the APACBE I acore (68); the sepsis
score (43) and TISS score (25). Usecof such acoring lyst-s will
hopefu}ly assist in mre acaxrately doa-anting the: mcrity of .

o i

nutritional support of cr1tica11¥ 11 ‘
categori,ze and stratify the patient

.
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illness. 80, it may become possible to predict increase{ i‘/

EE asaociatéi! with different types of degrees of critical illness.
At present however, there does not appear to be any reliable
eubsti‘tution for actual measurement of EE in critically ill patients

- and adjust nutrient intake on an individual basis.

XIII m:mae_gf__the_me&ia
At present there are no prospective clinical frials that show

feeding mechanically ventilated criticalky il1 patients reduces
morbidity, decﬂses length of hospital stay or inproves survival.
However, before one can investigate the effects of nutrition, it is

essential to have accurate measurement critera upon which to base the

-

 experiment. The amount. of nutritional support provided to patients "

is comnonly based on EE. The literature review firmly established

) ‘that oui present lmderstahding of EE in critica].ly i1l patients is
- poor and that predictive equations comordy used to assess energy
- irequirelnents of cf\itically 111 patients are inaccurate. The purpose
. of thiy thesis is. therefore to accurately measure thg daily EEof , . -

!“ s ,L.z»""

| Until the last 10 years, the techniques available for performing
these ue&mrqnents wére not suitable for accurate assesament of ~

" ventilated patients Only recently have portable metabolic carts,

capable of.maaumgw andk:o to indirectly determine EE of

' critically ill patientsa ucnme acceesible. The question then

\ .
uin-: meutmtedmrcm systulcupnbleotaemretely
-h-ming n mmtceuy vum:uatqd ctiticany 111 patieﬁts?
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‘ '1'he expetiuntal work of Chapter 2 is a validation study of an
autanated portable metabolic cart. 'n!e two mjor que'tionl to be
answered in this chapter were: (lfmn a portabie metabolic cart ‘be .
used to acwrately measure V0, and ,\‘rcoz of mectanicany |
venbilated patients; and, (2) what are the accuracies and 11n1tations
of the of the system? A ’ l .gs

From the experimental work of Chapter 2; it wvas knoun that ‘the

Gould 9000IV Computerized ‘Pulmonary Function Cart was capable | | /
of accurately measurjng EE in mechanically \ventilated patients who . / ,
received an F 192 of 0.60 or less. The r'\ext»question tobe = /
“ answered was how does one detemine daily BE? Usually daily energy /
requirements are baséd on the measurement of basal EE multiplied by |
factor to account f'or da‘ily act:.vity. For anbulatory hospitalized / /A
patients, daily activity cag range from 0 to 408 above méaauredfl
EE, and consequent.ly a ‘mean activity factor of 20% is ﬂ\ought <
appropriate (45) «Whether or not this was an appropript&factor ‘for
a nonanbulatory mechamcally entilated ICU patient whose daily 1 ‘
routine is markedly. different from aqpulat.ory hospitalizdd patients e

wasnotknown 'I'hepurpoaeoftheexpetimntaLworkofClnpter3wasf

&

L4

therefore to determine: (1) whether or not a standard daily activity N
, factor could be applied to the critically ill pa!:ient and (2) Af 80, ' . :

what was the appropriate factor to accurately accbunt £¢ar routine I(JJ

"‘ - ’ -

)

| .« During patient studiea,petforudtomrthawonétchily
ibtivity, it memt%smitht elp :-&

" mm-umwmmafwo:mmmmw
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' by'a reduction in EE. This observation provided the experimental

ba81s of Chapter 4 that has not been addressed previously. Does
routlne admxnlstratlon of analge51a affect the EE of criticallyfill v

-

patlents? '_" - | ’

. The methods used, results and dlscussron of results~of each of
the.three experlments performed are,dlscussed in detail in the |
succeedino chapters. In sunmdry, the purpose of each chagter were:
(1) to valldate a compact metabollc cart. capable of measuring EE 1n

mechanlcally ventllated cr1t1ca11y 111 patients (Chapter 2);
(2) to determine twenty four hour energy expendlture in cr1t1cally.

111 patlents (Chapter 3); e o - - ';f"

(3) to. determlne the effect of routlne admlnlstratlon of analge51a on

the EE of crltlcally 111 patlents (Chapter 4) :

The efflcacy of - nutrltlonal support of crltlcally 111 patlents

cannot be assessed unt11 these 1ssues have been adequately addressed.”
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' VALIDATION OF A COVPACT SYSTEM FOR GAS EXCHANGE MEASUREMENT
I Introduction ‘} - ' ’,’ -
xnowledge of ’EEEand substrate utilization‘are uﬁbortant to the
nutritional management of crltically i1l pat:.ents. , Beds:.de
measux:ement of EE, usmg indirect calorimetry to meass.fxe VO and
veo, originated in 1908 when FG Benedig:t mtroduced ”f Benedlct
Portable Apparatus (10) . Recently the developnent of automated
| ‘ .compact systems which a e eas:.ly portable pnd relatlvely smple to ‘
voperate has sparked a resurgence of mterest in measurmg EE of
hospltallzed patients. All systems are composed of ‘gas analyze’\rsh and
‘a volume measurement system and most have autcmated features to
handle callbratlon, testing and conputatlon of data.
Other more traditlonal methods, such as a® canopy system and the ’
‘, _ open cucuit method using a Douglas bag or TlSSOt splrometer, ‘have.
. senous dlsadvantages when applled to the mechanlcally ventllated
.. critically i1l pat;.ent. Most canopy systems are static, requlnng»
’ ‘transport of the patlent to the apparatus, and they are not adaptable' :
to mechanically wentllated patlents. ‘The open c1rcu1t method can -
| give rise. to errors from loss of volume or‘cogntaminatlon of the - ®
oollected volume at each step of collection, storage and analySJ.s.
Also, only a single value 18 obtamed from each expn:ed gas
collection and therefore multiple measurements nust be msde in an
: attenpt to reduce the vanabihty of random sampling. jl'hls becomes\_\ |
'extremely laborious and time oonsuming R _ }(F‘
_Automated portable systems oft_er many ladvantages over'ttaditz}onal
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gas exchangeff measurement systems. Generally they are more. compact

and portable, capable of me_surmg gas exchange for long durations,
and produoe minute by mm te data so that short—term changes in EE

can be documented and 7ny obvious errors can be noticed imnediately.
L1ke any measurement /équlpnent, especially research eqmpnent, one .
m.xst ensure that th{a measurements made are accurate. SR ) g
Gould Electromcs Inc. (Medical Products D1vrslon, Dayton, Ohio)

recently adapted the Gould 90001V Conputenzed Pulmonary Function

Cart for measurement of gas exchange m mechamcally ventilated

pat1ents.~ Two characteristics of the 9000IV, direct explred volume

measurement and automatic cycling between 1nsp1red and explred gas
analy51s suggested that this system might be sultable for studying
cr/rtlcally i1l patlents. . However, prlor to clinical appllcatlon, the

/system required validation. In thls study, the accyracy of the Gould

/ 9000IV was assessed in measuring V02 and VCO2 at different levels

/-

of F 02, tidal volume (V ) and breathmg frequency (£) oommnly

used to ventllate cr1t1cally i1l patlents. B

II Materials and Methods

: (1) System Descrlptlon

: The Gould 90001V 1s a portable automated system capable of .

' measurmg gas. exchahge calculatmg EE and substrate utilizatldwﬁ\ a

mechamcally ventuated patlent., Its components include a
paramagnetlc oxygen analyzer, an 1nfrared carbon dioxide analyzer,
dry rollmg\seal splrometer, a 3K random assess memory (RAM)
computer mth cathode ray tube (CRT) display of numeric and graphic

Py
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data, and a reporter printer and plotter. A ptmtoéraptx of the Gould
190001V if presented in Chapter 1, page 59.

The oxygen analyzer has a resolution of 0.01% and ‘anvaccurac'y of

+ 0.10% over a range of 0 to 25% oxygen. gover the full. écale of -0 to

_ 1008 oxygen, its resolution is 0. 04% and its acwracy is + .20%. 'The
| . ‘analyzer can be oalxbrated and verified usmg room air v(_FIOz =
| ,_..2093) for patients who are spontaneously breathmg. For patient's
B receivmg higher lF‘IO2 values (greater than .2093), the analyzer
can be callbrated w1th oxygen conoentratlon in the appropriate

ST . v ' o
,‘rang . . _ x o i

‘ The carbon dioxide analyzer has a resolutmn. of 0. 01% and an

accuracy of + 0 10% over a range of 0 to 10% carbon ledee. The dry
o rollmg seal splrometer measures f and. V ‘and has the capac1ty of 0
“ “to 10 liters (L). Expired ventilation (V ) 1s denved from VT
o and f with a resolutlon and accuracy of 0.01L and + 0 025L
respectwew for VT The splrometer is callbrated ylth a 3L
Minge. The volume measurements are automatlcally converted to
standard temgerature apd pressure (STPD) using temperature from a | ' ,
rhermiéter located in the spirometer‘ and barometric presscre entered
into the computer. The system has been described in detail in
Chapter 1. 1 : "

For use with mechanica’llyuventilated"patients. the system is
connected to the expiratory port of the ventilator circuit and the
patient's expired gas is collected in the splrometer. A sample of
gas from the spirometer is pumped through a desmcation chamber

ining Drierite® and a_nhydrous calcium chloride and then to the



" numerically on the CRT at one minute 1ntervals. The system
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carbon djoxide and oxygen analyzers for analysiss Inspired gas is
sampled from the inspiratory:side of the ventilatory circuit and
pumped through a different desiccatlon chanber to the analyzers for
analysm. A compressed gas dr:.ven solenoid valve switches between
msplred and expired gas analys:.s every thlrty seconds. The '
splrometer is continuously filled with the patient's expiratorg gasu
and is rapidly emptied (dumped) by solenoid 'activation du_r:ing/ an ‘
inspir_atoryv cycle, foliowing the collection of appr‘oximatelf 3L of |
expired gas. The computer contlnuously processes the splrometer and

analyzer . outputs, and stores and displays the data graphically and

&alculates gas éxchange usmg standard equatlons (21)
The EE is calculated using the relatlonshlp derived from K
de V Weir (9), usmg Kleiber's tables (16)

EE = (3.796 V0, + 1.214 ¥C0,) 1.44"
(kcal/day]  (ml/min) - (ml/min)

* 40min kel - ,////
day ‘1000r1 By
(ii) Validation Model .
The Gould 9000IV was assessed by smulatmg various (70 and
\'ICO2 usmg a nitrogen and carbon dioxide infuslon technique. 'rhe
patient was similated by a Vent-hid'test lung kMichigan .Instrmnent:s
Inc., Grand Rapids, Michigan) ' wh:.ch was v tilated by a Bennett MA-2
ventilator (Puritan-Bennett Corp, Los Angeles, Califomia). The |
system is diagramatically illustrated Figure 2-1;‘ The inspired gas
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.Diagramatic representation of, the Gould 9000IV validation system. An

air-oxygen blender permitted alteration of F.0, delivered by the
ventilater to the test lung.: The expired gaﬁ rom the test lung

passed through a mixing chamber prior to entering the Gould 9000IV's

- internal spirometer. Various flow rates of nitrogen could be
- introduced into the- systm-to‘j’ﬁ ide a difference in E‘Io2 and
F0, appropriate to similate va ous V0,'s. ' . € :

B "=“air-oxygen blender; V = ventilator;”l way - 1 way valve;

- TL = ¢est’ lung, IN = inspired sample tube; EV = expired valve;
MC = mixing chamber; S = water displacement spirometer; \ 4

EX = expired volume tube; F = flow meter; N, = nitrogen carbon

v

dioxide source; DC = drying chamber.
‘ - ° ) -
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sample was taken from the inspiratory tubing.of the ventilator prior

to a one-way valve. Nitrogen or(carhon dtoxlde was added to the
system downstream £rom the one-way valve proximal to.the test lung.

' Dry gases were used, ahd the ventiﬂlatonfcascadte humidifier wag -
bypassed Flows of nitroéen and carbon dioxide were controlled. by a
Matheson 601 or 603 flometer, with the flow rates measured before
. and after each trial with a water displaoement spirometer (Godart .

: Explrograph, .A.I., New York, N Y.). Although the test lung and

dry-rolling seal splromet:er functloned as mixmg chanbers, expired

air leaving the test lung was further m.},xed in an Edaitional mixmg N

- chamber prior to collectlon in the splrometer. 'rhe system was

_checked carefully at frequent mtervals for leaks.

| Three ventilator’ settmgs were tested: f=7 and V, =600n1 fﬂlo

o and V -1000ml and f-20 and V -1000!\1 A range of F 02
levels and nitrogen flows sumlated a phys:.ologlcal range of \70
exchange (Table 2-1). The 3 ranges of \792 and 4 levels of. I-‘IO2
shown in Table 2-1 ”were tgsted a’o each ,of~¢$e 3 vem:ilator settings
shown above. Also carbon droxld'euflows of 200n1/min and 425ml/min’
were used to simlate V(:O2 at the 3 vent:.lator setting. Each

»condltxon was repeated four t.unes for a total Qf 144 002 and 24

- Y0, trials. o | A o

‘ The analyzers were calJ.brated w1th room air and pri.mry grade

;.gases_ of 5.00% carbon dioxide, balance nitrogen and either 49.56%
oxygen, ‘balance nitrogen or 79_:87% oxygen, balance nitrogen,‘ )

- dépending on the F0,. : | |



(ml/min, STPD) = 0.22 0.40 0.60 0.80
200 - 300 950 350 200 70
400 - 450 1550 650 300 100

2000 875 450 175

500 - 650
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The relationship used fo;,r calculating the stinulated V‘O2 and
V(:O2 was (32):

\702. = VN2 F.0, - ' .

where VN = the nitrogen flow entering te?e test lung in ml/min

(SI'PD) and \'IC02 = carbon dioxide flow entering the test lung
in mi/min (STPD). T ‘
(iii) Statistical Analysis |
- Descriptive statistics v;ere berformed on a.llv-d;ta(fo'r each
E‘IO2 level and ventilator setting. Pearsen oe‘rrelation
coeff1c1ents were determined by re%lat}ng the followmg variables, f p
Vo Vo ‘P10, and nitrogen £low, to measuze83002 @n.
- Tests of mgmficance were apphed to determine statistically
_81gn1f1cant relationshlps usmg a level of p<0. 01. This level was
chosen to eliminate spurious correlations that had ’no physiological
meaning and low correlation coefficients.” Student's t-test for
pairedadata was used to examine the difference between measuzed and
. calculated values of VO2 and \7(:02 (p<0.01). The results from the
" four dlfferent FIOZ settings were subjected to a prelimjnary
analysis of variance. For those F 02 groups w1th a significant
difference between measured and calculated 70,, the Scheffe E
multiple range technique was used to odtpare pairs of data (27).
o _ o - -
III Results
(i) Oxygen Oonsmption‘. )

-95 -
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The accuracy of the 9000IV system was affected by the F0,
level. Ae.tm F,0, was increased, the reletive error also
increased as illustrated in Table 2-2. The mean difference beﬁreen )
calculated and measured V0, at .each F;0, value was :
‘

 statistically significant.

Using Pearson correlation coefficients, no statistically
significgnt re_lat1onships were found between V, f, or V, and
measured or calculated vo,. ﬁoivever; the correlation between
measured and calculated 4002' for all trials and for each F0,
value was highly significant (Figure 2-2).

One way nnalysis Qf variance showed a significant difference "
between measured and calculated V0, (V0, diff) (F=167.5, p<0.001)

‘ ‘and permitted use of the Scheffe technique to compare pairs of data.
The Y0, Qiff increased significantly when the F,0, value was |
ingreased from 0.40 to 0.60 and from 0.60 to 0.80. The V0, diff
.was not significantly different between the I-‘IO2 value of 0. 22
‘apd 0.40. Mean V0, iff at F_0, values of 0.22, 0.40, 0.60 and
0.80 was 8, 15, 24, and 65 ml/min respectively. The overall relative
errors of measured V0, were 2.6%, 3. 5%, 5.9% and 16.9% at F;0, |
values of 0.22, 0.40, 0 60. and 0. 80 respectlvely.
" (i1) Carbon Dioxide Production |
Using Student's pa:.r‘ed t-test, there was no significant
differenoe between measured and calculated \'ICO when the average of
all trials, or when individual ventilator settings were considered.
Tidal volume, f and vE showed no significant correlation .
(p<0.01) with either measured or calculated iC0,. There was a



~, l i - i v ) ‘ . .‘ |
i mmmmmmxmmulnz.m

\705 (mean + SEM, ml/min " p-Value Relative Error'
calculated measured (* seM)
g2 440.4422.8 47.5422.9  p<.002 2.6+0.38 .
) —
446.8426.2  461.6+27.2  p<.00l °3.5+0.4%
(n=36) 3 |
0.60 438.2424.1  462.0+24.5  p<.00l 5.940.5%
(n=36) v : - ‘
0.80  442.5+12.7  509.5+29.1  'p<.001 ~  16.9+40.6%
(n=144) :
* " nmeasured Wz - calculated V0,
Relative error = - : —x 100
- calculated V0,
]
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1gh1y significant relationship between all measured and calculated

\)(:02 values (r=0.998, p<0.001). The overall relative error mB
2.640.58 (Table 2-3). - “

IV Riscussion
© The capability of accurate and easy measurement of EE in -
critically ill patients is a significant advance. This is

- particularly so for this group of patients, since there appears to be
a; "fine-line" for energy balance as both ufxderfeeding and overfeeding
can be associated with cmplicatior;s. Delivery of inadequate energy
has been associated with decreased survival rate (5,18); respiratory )
muscle wasting (2” 15), poer wound healing (13) and depressad

" immnocompetency (20); whereas overfeeding critmally il] patients
can result in large elevations in \’IO and VCOz, thereby stressing
both cardiovascular and respuatory systems ,(3,23,29) . Also,
excessive parenteral infusion of carbohydrate (14,27) and lipid (17)
have' been implicated as important etiological factors in the |
development of fatty infiltration of the liver. In addition to
clinical importance, excess nutrient infusion of parenteral nutrition
is expensive and therefore monitoring of EE to prevent overfeeding
can be of very practical importance. ‘ _

Several investigators (4,5,11,19,22,24,31) have shown that
predicted EE based on equations such as Harris and Ben~dict (12) '
Rutt:en (25) and Curreri (7) correlate poorly‘,with measured EE in
* malnourished, postc : a\t\iLe_,, septic and burned patients. The degree
of hypermetabolism f&‘.md during critical illness has recently become

© = ‘
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Ventilator  ¥co, - Significance Relative
setting calcufated measufed | | errori*
£1Vy (L)  4SBM (ml/min) $SEM (nl/min) +SEM
20; 1.0 310.1442.2""  322.6345.4 p=0.020" 3.641.0
n=2§8 . _
10; 1.0 313.4442.5"  317.0¢41.6  p = 0.060 * 1.7+0.8
n=§8__ :
[ 23 4

75. 0.6  201.041.0 196.3+1.6 p=0.125 2.441.2
n=4 .
Total =~ 289.6425.1 295.1426.2 P =0.030 2.6£0.5
* measured Woz - calculated 0(:02 ‘

' - x 100

relative error % =

calculated 'ﬁ'ﬁ

b oascalculated and measured are averaged from both CO2
£l

n = number of‘: trials

of 200ml/min and 425ln1/m1n

#*+ 0, calculated and measured are averaged
of of 200ml/min only

\

frpm co,
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a very controversial issue. These studies emphasize the need for an

accurate method for the detemination of EE.

~ The 90001V was adapted for ttnmuutmntofguowm in .
. mechanically ventilated pattents. It is equipped with automated
‘ Mird gas sampling and a pressure damping coil to help prevent
ventilator pressure fro_u‘) affec’ting the analyzers. The manufacturer
staies an accuré‘cy of +5% for the n\eaéﬁred values for VO and
‘ V!:O2 but fails to state the F 02 range for which:this statement
is valid. . . »
_ m initial assessment:of the system, large errors were found,
reaching 43% of the calculated VO at an P 102 value of 0. 60.
'This large error was found to be due, at least in part, to rebound of
the spirometer dump mechahism at the end of the durp cycle, causing
" room air entraimgnt-begore the dump port closed. Room air/ ' .
contaminated the expit’gd air, resulting in the system reading a
factlitiously low FEOé and therefore calculating an erronecusly
high VO . As the FIOZ Qvalue was ﬁ;:teased, the contamination
by room air had a more pronounced effect. The problem was corrected
by the addltlon of a large dead space, consisting of 3 mtets of
- household dryer vent hose to the spirometer dump port. Expired air -
in the dead spaoe that .had just been dumped from the spirameter was
‘then entrained instead of room air. ‘ | |

'l'bé preséure of the compressed gas source which drives the

solenoids that control the dump mechanism was incraased to detemine
if this would eliminate the roam air oontanimtidn. 'l'o ensure a
constant and higher driving ptessure far the solemids, the usual

*
Y

]
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| wall source of compressed oxygen (4?50\1’81) was sw1tched to a tank
: of oxygen regulated at the manufacturer s recomnendation of 61 PSI.
. This system was tested at an FIOZ value of 0.80 and the error

N

remained ‘at the high level prev1ously found (greater than 60%) The.

N\

- accuracy mproved only with the addition in:the dead spaoe.

rAccuracy of the 9000IV with the dead space adaptation improved to‘ R

’_ 45 9%0 and 16 9% at F. 02 values of . 60 and 0. 80 respectively.
However, there continued to bé a systematlc ‘error. as VO2 was
con31stently overestimated and the error 1ncreased as the FIOZ
* value was 1ncreased' (Table 2-2) The magnitude of the error became
Significantly greater at'FIozwvalues of 0.60 and 0.80, The
| systematic error likely arises from contmued, although lessened, .
vroom air @ntammation of the expired gas despite the dead space '
a&MtMn. Highly 31gn1f1cant oorrelations between measured and ,
calcul/atedwvo support th;.s suggestion as the error observed is not
'.ra'n/d/om in nature. KT ' 0
' It 1s not surprising that the error is very high at a hlgh

Fy 2 At high FI(J2 values, \'IO is calculated from the .

difference between two smular numbers. The' difference between
‘“'FEOZ and 1-‘102 becomes smaller in proportion to their absolute
‘values and approaches both the resolution of - the analyzer and the
o stability of the I-‘IO2 value delivered by the oxygen blender. ~ The

f Gould SOOOIV oxygen analyzer has a resolution of 0. 0004 at full
scale Therefore at an F,[o value of 0. 80, a. typical V0 of .

.‘250u1/min can result :m a difference between F ()2 and FEOZ of

I [

only 0. 0070. Theoretically, the maxmum aomracy of the Gould 90001V Y

s
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is 5.7% (0.0004/0. 0070'x'100) at an F0, value of 0.80) Any leak

S or contamlnatlon within the ventilator circuit or the Gould system

will have a propogtlonally larger effect on the small dlfferences »
. . ‘ .
measured at high <§gen levels. The error/was magnlfled from the

theoretlcal 5.7% to an actual 16.9% at an FIO2 value of 0. 80,

probably due to room 1r contam1nat1on of splroueter gag\\;fithOUt
N\

adding nitrogen to the system, the test-lung system was tested for.

leaks by remov1ng the explred sample tubing from\the splrometer and-
ol cfhg 1t in many dlfferent locatlons on the explratory side of the

T lung. If no leaks occurred FIO2 should equal FEO At

2°
all locatlons checked, both FIO2 and FEO2 were the same or

'~ fluctuated randomly within a narrow ‘range therefore g1v1ng rise to :
» V02 and VCOZ values of +3ml/m1n However,\agaln without addlng

;vnltrogen, the explred gas sampled from the spirometer was found to be

con51stently lower in oxygen concentratlon than the insprred gas.
The difference between FIO2 and Fi0, as measured by the Gould
QOOOIV when no nitrogen was added explained the large error in
observed V02 observed The contamlnatlon appears to result in a

systematlc type of error w1th a h1ghly 51gn1f1cant correlatlon

‘between measured and calculaued VO as suggested by llnear ‘

regress1on equatlons W1th slopes very close to 1. 0 (Flgure 2—2)

N Accurate carbon d10x1de productlon is easier to measure.. Theh
accuracy of +2.6% fell w1th1n the manufacturer 'S spec1flcation of
+5%. No systematic error was found (ie no statxstlcally 81gnficant
dlfference between measured and calculated VCOZ), and correlation _'
between measured and calculated (JCO2 was highly significant. Four

.»t,.;
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trials at a V, of 5L/min and CO, flow of 400ml/min STED were not

included in the statistica’l analysis. The expected VOO, of

400ml/min could not be measured as it surpassed the a
capabilities at this low \"I This is not relevant, however as it
| is physiologically unlikely for such a large VCO to be matched to
such a low ,,VE.I Room air contamination did not give t};re‘éme |
- systquati‘c error in 0, meas'urement as it did in V02. The

FECOHZ, withf)\a range from approximately 0.01 (ca‘rbon dioxide flow
= 200ml/min; Vi, = 20L/min) to 0.06 (carbon dioi:ide fio‘w'=
‘425ml/m1n, 7 = 10L/min) was diluted w1th roam air w1th an

F CO2 close to zero. Because these two concentrations are so-

: close mn«value, the effect is less pronounced than when }S‘EO2 of

0. 80 is diluted w1th room air with an F;0, of 0.21. Room air

| contammstion may lower F C(J2 slightly causmg a small systematic
error which is buried in the random error.

Accuracy of this, and other validation atudies (1 8 32) is
limited by th& accuracy in delivery of nitrogen and carbon dioxide. |
Flow of nitrogen and carbon dioxide was’ checked by diverting flow to
a water displaoement spirometer before and after edach trial. Values
were within 1 to 2ml/min each time, or from 0.05% to 1. 0% of the
actual flow. During the tests the flows were considered to be the
same as those into the “spirometer smoe the slight pressures against . |
which the gas was being delivered had no measurable effect on flow.
Also, the correlation ooeffic1ents show that measured V0, was not
affected by &,, which by neoesSity, changes pressure in the test
lung into which the nitrogen and carbon dioxide was. flowing.

Lo



| - 105+
Another 1in}itatio'n to accurate Vo, me‘a'sureinent's is the |
'F‘stablllty of the F 02 value bemg delivehred. . Fluctuatlons in ’\
F 02 levels with the internal blenders of various ventilators can
be reduced by the use of a separate external blender (6). A Bird.
blender (3M Corp., Palm Sprmgs, Ca) was used to deliver a reasonably
stable (FIOZ- .0004) air-oxygen mixture to the ventllator.‘ @
‘ However, small fluctuations in FIO2 value .still occurred thus |
emphasxzmg the need for frequent ana1y51s of FIO2 level.

Although we studied a range of V o £ and Vip was studied at

which various VO2 and VCO2 vere measured, not all ICU condltions
were smylated in thls study. High alrway pressures, mtermittent

®
’mandatory ventllatlon or positlve-end explratory pressure were not

, knn.mcked. E‘requent cart movement, a potentlal source of )
destabilization occurring in an 1CU setting, was‘mnlmized in this
rrasats ;

"series of tests. ‘ o - oy

v Conclusion ‘

" It is concluded that the Gould ;SOOOIV with a dead space
modlﬁcation has an aéoeptable error in gas exchange measurement
under controlled laboratory conditions for an FIOQ‘value of 0.60
ohr less. The n\agnitude of 'the error was similar to other ahtana}:ed’
' systems. (5). As-a clinical tool, its applications and potential
benefits justify eontinued investigation' to determine its accuracy in |
the clinical setting.. " o |
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CHAPTER 3 . '
TWENTY FOUR HOUR ENERGY EXPENDITURE IN CRITICALLY ILL PATIENTS
I Introduction | | |

The increased availability of mobile systens capable of measuri.ng
VO2 and VCO has resulted in numerous reports on the EE of
various patient populations,- such as burn (26, 29), post-neurosurgical
' (5,6,7), and critically ill patients (2_2,31\;32). Measurement of
resting EE alone or with the addition of an arbitrary "activity
factor” is often used to dictate the pat_iéht's éaily caloric iatake.'
_For the ambulatory hospitalized patient the contribution of daily '
act‘ivities to total EE has been documented to be approximately 20%
above resting EE (12,18) . However, the aétivity factor for
| 'critically ill patients has not been satisfactorily determined.

Total EE in nonanbulatory critically ill patients might be
expected to be quite different from resting EE + 20% as Weissman et
al. showed in.thtee critically ill patients that total EE averaged
only 5% above resting EE (31). Howéver, .Gue to the small number of
patients studied further investigation of EE was believed tci be
justified. mmhﬁ%24MMEEmaﬁMemémamdinm
mechanically ventilated critically 111 patients. From this
_ information an activity factor has been determined which carhb&
applied to this group of patients by comparing measured resting EE to
availablg predicted values based on the Barris-Benedict equation
(13). |

II Materials and Methods R ~

" (1) Patient Description | .

 Ten mechanically ventilated critically ill patients patients
| . -10-
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(8 males, 2 females) adnitted to the Gengral amtens ICU at the
University of Alberta Hospitals were studied. Clinical status of the
patients was defined by the APACHE Il scoring system (16) and the
influence of sepsis was assessed ﬁsing the sepsis score (11).
Patient age, diagnosis, APACHE II and sepsis score, study day
post-ICU admission, F;0, and positive end-expiratory preséure .
(PEEP) used during the study and outoome are presented in Table 3-1.
(11) System Descnption '

A Gould 9000IV Computerized Pulmonary Function Cart (Medical
Products Division, Dayton, Ohio) was used to determine \702 and
VC0, over & 24 hour period. This metabolic cart was specifically
designed to measure gas exchange in mechapica'lly ventilated
patients. The 9000IV includes a paramagnetic 02 analyser (accuracy
of +0.2% up to 100% 0,), an infrared CO, analyser (accuracy of +
©0.1% L;p to 10% 002.) and a dry rolling seal spirangter which derives
expired minute ventilation (\:’E) vfr.om breathing frgquenéy (f£) and
‘tidal volume (V) (accuracy of # 0.01L). This pa'rticﬁlar 90001V
has been previously validated at this institufion (10) for accuracy
in VO2 and \'ICO measurenents at various FIO2 values (Chapter
2). The FIO2 had a_,,staust).cally significant effect on the n
.accuracy of measuring VO with the error dveiaging 2,6%, h3.5%,.
5.9%, and 16.9% for F 02 values of 0.22, 0.40, 0.60 and 0.80,
respectively. patients ventilated with an F.0, greate; than 0.60
were not studied due to the limited acwracf of \702 measurements at
high F102 values. '

N
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| (111) Patient Studies o \ - |
For patient studies, the 9000IV was mmted to the

' expiratory port of the patient'a ventilatory circuit. Expired gas
from the patient was collected in the dry rolling seal spirométer.
After ‘collecting approximately 3 liters, the spirometer rapidly
empties during an inspiratory cycle. The spirometer acted as a
mixing chamber and expired 02 and CO2 were obtained from this

~ source. 'I'o measure F 02, a sample of inspired gas was obtained
from tubing connected to the inspiratory limb of the ventilatory
circuit. The 9000IV alternates between inspired and expired analyses
every 30 aeoorﬁs The system provides indices of gas exchange’*wery
minute using standard equations (23). Measured EE is calculated

using the relationship derived from de V Weir (8) using Kleiber's

tables (15): . » ' o P
EE = (3.79 V0, +1.214 0C0,) 144
. (keal/aay) ©(nl/nin)? " (ml/minf
1440 min  keal
: day 1000 m1

1

'The duration of each test was approximately 1 hour. Followiné each
test the analysers were recalibrated, the drying agents in the
analyzer circuit were changed and the patient's ventilatory circuit
was mptied of any accumlated water. The mean + S.D. number of
hours each patient was tested during the 24 hour - study was 20.75 +
0.75 hrs. - .
Prior to and at the end of each 24 hour patient study, the 9000IV

.

~
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was validated by connecting it to an in vitro system consisting of a
Vent Aid test lung (Michigan Instruments Inc., Grand Rapids,
‘Michigan) which was Ventilated by a Bennett MA-2 ventilator -
(Puritan-Bennett Corp., Los Angeles, California). The £, V., peak
airway pressure and E‘ 0 of each patient studied were used tor ‘
the in vitro test. To provide a constant F 02 (4), the air and |
oxygen delivered to the ventilator wasmixeg by a single air-oxygen
“blender (Siemens-Elema, Sweden). This blender was also used for all
patients studied. Blenderized air-cxx;gen at the desired F 0, was
ventilated through the ventilator-test lung system and into the*
99001V for‘a half hour pericd. Since no 0, was consumed by or
“ ‘.CO2 added tc this sYgtem, \'IOzand \koz ‘Bl:lould ‘have been zero if
there were no leaks or effects of pressure. For all Ventilator
settings and F.0, values used for patient studies, the meaéured '
Voz and VCO2 were + 3 ml/min. .

The activity state of each patient was continucusly observed and
recorded during the 24 hour study. “"Rest" was defined aa a patient
lying mtionless and appatcntly camfortable with eyes open and/or '
closed, following 30 minutes of post-event rest. "Post-evert rest"
was defined as the patient lymg nfoti&’ﬁfeé’ﬁ“’ind apparently
comfortable witm eyes open or closed following some activity such as
reposition.ing or chest physiotherapy. No attempt was made. to ‘
separate sleep from resting with eyes cloaed "Agitation and/or
restlessness” was defined as a patient appearing umanfort&:le,
grimacing and/or moving body limbe without purpose.  Each activity

andtl':eamuntoftimeengagedinitmreoorded

. » .
~ ) - ” ., ]



Becauee a major aim of the study was to measure EE durmgaroutine
/

| ICIJ care, no attempt was nade to standardize nutrient intake or

administration of analgeSics and Sedation. : However, the amount and

A time that analge31cs and sedation were given during the 24 hour

‘.period were recorded One patient did not receive any analgema or -

N #v

sedation. For the remaining 9 patients, an average of 57+43mg of"

: morphine was admmistered (range 13 to 161 mg) alone or m
. combmation w1th dia;epam Patient 5 received a constant morphine

| infusmn, and all otﬁer patients received analge51a and sedat1on on.

‘an "as neCessary baszs.

All 1nfu51on rates of nutrient - solutions (enteral or parenteral)

L2

' ,remained constant durmg the 24 hour period prlor to and durmg all /\-\

patient studies. Change in EE related to varying nutrient 1ﬁtake was

, therefore not expected. ‘Actual macronutrient mtake for all patients

L is presented in Table 3—2 Predicted EE was deternu.ned by the

| Harris-Benedict equation, based on the patient s height, usual body

| iwelghé?and age (13)

 Males = 66.47 + 13 75 + 5. OH - 6.76a
Females 655 10 + 9.56W + 1. 85H - 4 68A; where,

W weight in kilograns, H = ‘height‘m centimeters, :
B '—age in years. | | '
' -(iv) Statistical Analysis o o _ : ' B e
. \ -

i Descriptive statistics (mean and standard dev1ation) were

. determined for each variable at each time period (28) . Student's

t t—test for paired data was used to evaluate differences between |

resting E:E, post-event resting EE and the EE assoc:iated with various
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Patlent Types of Nutntxonal Total Components of Nutrient Intake

Support “Energy - Carbohydrate Protein Fat
T k) @ (gw . (g
e ent!! B 2400 300 TR
22 intMenous dextrose = 264 B ) 0

3 peripheral parenteral 2130 240 .90 106
4 peripheral parénteral 2248 264-1 99 106
5 ‘periphera_l.'pafentéral 1895 - 192 73 106
. 67 | pe}riphexs_al pa'rentérai 18955 - :192 : ‘ : 72>‘ 106
7 peripheral parenteral 2130 0 ., 90 - 106
8  central parenteral 1815 %9  °° 105 - 53 |
,‘ 9 intravenous dextrose 490 ud o . 9 |
10 »pé’ri'pheral parentral 1895 192 72 106
| 2 17164731 211166 66438 79444
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activities. Paired Student's 't-test vas also used to evaluate the,
| difference between total EE and resting EE as well as restmg EE and
 predicted‘EE. Pearson s correlation coefficmnt was used to evaluate |
the relatiOnship between admission APACHE II séore and percentage
' that resting EE was above predicted EE. A probability level of: 1ess
than 5% was considered to be statistically significant.
IIT Results o _
The age of patients 'vLa_§v6§_+_'115"years and they were studied 44
days after admission to the ICU (Table 3-1). Admission APACHE I
" scores were 2347, mdicatmg that these patients were severely ill.
A 50% mortality rate was observed 8uring the post-study (&) course.
. The percent of measured resting EE above predicted EE oorrelated
, significantly with the admission APACHE II score (r-O 64, p<o0. 02)
The average sepsis sc_ore on the day of the study was 1318 dnd the -
score exceeded 20 in ithree mpa’tientsi’ S . T 0
Predicted EE, resting EE and total EE for all patients are |
presented in Table 3-3. Predicted EE»-was 1501+202 kcal/day. The
| measured resting EE was 2186+343 kcal/day ﬁor 47 3422.3% above the
predicted EE. Resting EE was mgnficantly greater than predicted EE
for all patients (p<0.01). The total EE for the 10 patients was
2342+371 kcal/day or 6 9+2 6% (range 1.4 to 10 6%) above the restmg |
EE (p<0 01) T
Actual energy intake, tctal EE and resulting energy balance for
) the’ 24 hour study period is presented in Figure 3-1. The daily
caloric intake was 17164731 kcal/day. The total EE was, 2242+371
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. Bestiny and Total Enerqy Expenditure (mean + SD)

Patient Predicted Measured % Measured Rest ! ured ‘%' Total .EE

. EE Resting EE EE -Above (P Total EE Above
o | Predicted BE % - Resting EE
1 1589 27510 - 7 2997 9.0
2 1459 2177 . 49.2 2208 1.4
3 1085 1980 o 82.5_fR§1"« 2115 © 6.8
4 1567 - 1908 - 21.8 2040 7 6.9
5 . 1m0 am . /3a 2408 10.6
6 1647 2175 £ 32.0 B4 100
7 423 23 @5 5.7
8 1630 2168 3.0 2316 6.8
9 1260 1706 35.4 1793 6.1
10 1582 2761 7.5 “ﬁh 2915 .56
15014202 21924334 47.322.3 23424371 6.8:2.7
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Total energy expénditure, calotic intake and enerqgy balance in each -

of the 10 patients over the 24 hour study period.
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kcal/day and” therefore the resulting energy balance was negative
-(=5264648 kcal/day). Only patients 3 and 4 received adequate

calories to meet or exceed total EE. ; ' .
. The percentage increase in post-event resting EE and various

) act1v1ties above the resting EE are presented in Figure 3-2A. During

R _Pollowing rest, the state of agitation and »restlessness was the

.the 30 minutes after an activity (post-event resting EE), EE was

higher than resting EE by an average_ of 5.8+4.3%. This increase was ‘
significant for 7 of the 10 patients (p<0.05), hovever, it was not

- significantly, increesed for .patients 1, 2 and 10. Activities such as
weighing on a bed scale, rep051tioning, chest physiotbsrapy: bed

bath, dressing change and chest x-ray were associated with increases 7
in EE of 36+12%, 31+11%, 20+10%, 10+9%, and 22+16% respectively. The,
state of agitation and/or restlessness was associated with a 1818%
increase. in EE above resting EE. o

Although certam activ:.ties caused considerable elevations in EE,

| due to their short duration their actual contribution to the total

daily EE was small. Figure 3-28 shows the contribution to the total
EE of the two types of defined rest and the various ;activity states.

greatest contributcy;\_(13.7%) to the total EE.

Average \'702 and 0, observed during rest were 320+47ml/min
and '254+4‘5ml/min, respectively. Percentage increase in Yo, and
\7C0 during post-event Jrest were 5.7+4.7% and 5. 1+5.0%,
respectively. These increases correspond closely to the percentage
increase seen in post-event resting EE above resting EE. This was
also found £or the various activities, Vo, and vco,, vere
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{A) The percentage increase above the gesting energy expenditure

asgociated with various ICU activities.

!

(B)

15

The contribution of activities to the total energy expenditure.

Values are expressed as mean + SD.
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associated with pércentage rises éimilar to the values of EE above

- resting levels. | N

Themean resting respiratory quotient '(RQ) for patients receiving ‘
nutritional support (n=8) vas 0.82:0.02. The mean resting RQ values
for patients 2 and 9 who received only intravenous dextrose was
0.73+0.01 and 0.71+0.01, respectively. In both cases, small amounts
of dextrose were received as the total nugritional support, 'and
therefore, the low RQ observed is likely a result of endogenous fat
oxidatio‘n. During activities the average RQ values “often decreased
from the restmg level. 1In no instance were these decreases

statistically significant. -

v mm_s_;.qn

Recent studles have shown that cr1t1ca11y ill patients ate not as
"hypemetabohc and do :;é have the latge increases in EE that were
prevmusly described for other patients (18 33). Qaker et al. found
that m a group of mechamqlly ventxlated respzratory care IU
patlents, the resting EE was only 4. 6% above predicted EE using the
Harris-Benedict equatlon 3). Weissman et al. reported resting EE to ‘
be 3.8% above predlcted EE in 40 posteperative polytrauma and
surgical patients reoeivmg mechanical ventilation (32). Their e |
patients 4id not receive nutritional support ‘or sedation at the time
of the study. Sunilarly, Han.n et al. found that in 50 acutely i1l
patlents, saneja mechamcally ventilated and others not, the measured
resting EE was 15% above the predicted EE (22).

For the group of critically i1l patients in this study, resting
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EE was considerably higher (47.3+22.3% above predicted EE) than
. values recently reported. There are likely several factors
contributing to the discrepancy in resting EE of a very large and
variable group called, "critically ill patients". Factors such as
feeding, sedation and/or analgesia, and degree of illness and stress
will affect metaboiic rate. As suggested by Weissman et al., finding
an initial reference state from which to calculate the EE for the
_ critically i1l patients is a difficult task (30);
mring the EE studies, 7 patients received parenteral nutritional
support, 1 received enteral nutritional support and: 2 were g1ven
intravenous dextrose only. This undoubtedly influenced the resting
EE due to the specific dynamic action of nutrient intake; Although
both type and amount of nutrient infused influence the thermc
tesponse, the contribution of nutnex\it infusion to EE is not well
defined (14,21). Elywn et al. reported that normal diets or constant
infusion of intravenous nutrients both result in a 10% increase in
basal metabolic rate (12) . However,. Askanazi et al. found that
feeding critically i1l patients with intravern dextrose in excess
of EE resulted in a 29% increase in V0, and’56% increase in A0,
(1). 'rhis corresponds to-a 24% increase in EE associated with
nutrient infusion. The patients in our study did not receive a large
amount of dextrose (<300mg/day) or calories, and in only two
patients did energy from nutrient infusion'exceed or meet the
~measured total EE. Therefore, the large increase in resting EE above
predicted EE we observed is unlikely due to nutient infnsion alone.
Varying degrees of s.everity of illness i.s likely a major factor
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. responsible for di%erencesﬁ “r’ém various 1nyeatigators.

* Unfortunately, few objective methods are available to evaluate and

- stratify different groups of critically ill patients. In an attempt

. to quantify the severity of illness of our patient population; two
scoring systems were used. Each patient was scored using the APACHE
II system (16) 6n admission to the ICU ,and the sepsis score (11) on ‘
the day of the study |

The APACHE I! {ses twelve basic physiological parameters, age and
chronic disease to st‘:tatify acutelyv i11 patients into prognostic
mortality risk catégories. Rresowick et al. recehtli( used APACHE II
as pért 'of the stratification pro;;s to study the efficacy of
nutritional support by looking at patient mortality (17). They found
that in two groups of patlents with smular APACHE II scores, 19
versus 22, the group of patients tece1v1ng adequate caloric intake
had a significantly higher survival (73%) than a group who did not
receive adequate caloric intake (46%). - The mean APACHE 11 score for
our patlents was 23, which, accordmg to Knaus's study of 5815 1CU.
admissions, places our patients in the top one-third of the scores,
irtplyiné severe illness 'with'vpoor prognosis.

Elebute and Stoner proposedu the sepsis score t;> g;:ade the
severity of seps\is by numerically scoring such categoriéé as local’
effecté of infection, pyrexia, secondary effects 9f sepsis and
latzoratory data (11). Dionigi et al. using this sepéis score found

that in their group of patients, a sepsis score of greater than 20
7was associated with 18% survival (9). In our study, none of the 3
patients with sépsis' scores greater than 20 su;vived.. Patients

3



| - 126 -

"1, 3 and 10 who had the nighest APACHE II scores and the highest
percentage ‘of~ resting EE above predicted EE (76.7+5.0%) also had an
average sepsis score of 2043.

The large increase in resting EE above predicted EE observed was
probably attributable to 'the fact that the patients studied were
severely ill. The significant correlation between individual APACHE
| II scores with percentage increase in resting above predicted EE.
suggests the APACHE II may be a valuable system to assist in
stratifying critically ill patients for the purpose of evaluating
: nutritional studies. Similiarly, the addition of the .sepsis scoring ’
‘system may further enhance the descriptive process. Beosuse of the
small number of patients studied, the- relationship between these -
scoring systems and EE requires further investigation.

Pain can have a oonsiderable effect on overall EE. Weissman et
al. observed a lower VO and VCO in one critically ill patient
who was heavily sqgated with narcotics when oonpared to no sedation
(30). Rodriquez et al. (24) and Rouby et al. (25) have reported
similar reductions in WVCOZ, and EE in groups of critically |
ill paf'ients after ﬁad received large amounts of analges1a. In :
‘our study. analgesia ﬂ;aadninistered on an “as necessary" ICU
routine As a result, following the metabolic response to
analgesicsxwas difficult as time of administration and amount given
varied between patients However, in two patients (patients 1 and
9), for which post—event, resting EE was not significantly greater
“than resting EE, closer analysis of the data suggested that analgesia

O

may be an important factor affecting EE. For both patients,
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~examination of EE in relation to analgesii)éedation administration
demonstrated that pericds during which larger amounts of sedation ©
were' given were associated with a aigniﬁcaht decrease (p<0.05) in
EE. For example, cumulative resting EE (including both resting and
posp-event resting EE) for patient 1, during a 4 hour period in which
the patient received the largest amount of amlgesiq/agdation (25 my
morphine, 10 mg diazepam) compared to resting EE in“the remini_ﬁg 29 .
hour period, decreased from 28584205 kcal/day to 2537+96 kcal/day.
This represented a}‘12.7% decrea%e in EE associatied with the
sedation/analgesia given. Similarly, the medh EE for all activities
were significantly less (p<0.05) during the 4 hour period compared to
those measured during the remaining 20 hours. Interestingly, it was
also noted that the four hour period in which the patient was heavily |
sedated was the only period in which no state of ag,itat_:ion and
restlessness was observed. ‘ ‘
| To further emphasize the importance of sedation on EE, for 8 of
the 10 patients studied, an average of 3.3+1.9 hours of agitation
and/or rest':lessnéss was observed ahrmg the 24 hour period. This .
represents a 15.0+8.2% contﬁibution tovthe’ total EE for those
patients. Thesei data suggest that sedation can fxave a considerable
effect on both resting and total EE of the critically ill ‘patient.
" Weissman et al. found that patients' EE after stimilation with
chest physiotherapy or bathing, did n& immediately return to _ -
baseline resting values (31). Although the patient may have appeared
" to be resting comfortably, ‘it took up to 45 minutes for a true
resting state to be re-established. Our measurement of a 5.8

. o
R
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| incroaae in post-event resting EE. abave EE taken following 30 minutes |

of rest is in agreement with this observation. The largest increase

in EB above resting levels during various activities was ansociated

with those activities requiring repositioning of the patient such as

weighing the patient on a bed scale, administering chest |

pﬁysiothera'py, dnd perfbrming a chest x-ray. From obséwat;on, it

appeared that pain and discomfort ex:;eriemed by the patient during

repositioning may be major factors contributing to mc\eased EE.

Furthermore, it appeared that patients who received analéesics

: immediately prior to an activity had a lesser increase in EE

associated with the activity. The _efféct .of timing and dose of

analgesic given may be partially responsible for the large variations

in the percentage increase in EE above resting EE during various

- activities. ﬁ o ‘ ‘ -
Weisaman et al. observed about.a 20% increase in \'702 and \’ICOZ

above rest;ng levels during actj.vitie_s such as physical examination,

- visitor atrendance‘; bed bath and chest x-ray. We also observed an -

approximte 20% increase in VO and \’ICO for t:hese activities

(§1). -

Although these seeningly large increases in EE above restmg EE

" were observed during variws,‘activitigs, ‘contribution of the

activities to total EE was relatively small. .For all patients, total
EE ranged from 1.4 to 10.68 with a mean total EE of 6.9+2.6% above
the restiraa EE. Prev:lous gtudies suggest that for ambulatory
patients. daily activities can eontribute from O to 40% of the
resting EE and therefore a mean activity factor of 20% above resting

»
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finding since escess nutrient infusion in czitfcany 111 patients my

stress both cardiovascular and respiratory systems by increasing r
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VO2 and \'ICO2 (1,2) and may result in fatty infiltration of the i

-

liver (20,27). From our data, it appearg that an activity factor of .
10% above -the measured restingaEE should adequately meet thes EE

associated with routine ICU activites.

¥ étermine EE in criticallm

In conclusion, the ability

patients using a portable metabolx?cart represents . a mjor advance '

" A
4

J.n natritmnal management :

. t ¥
1) Many factors such as sedation, feeding, time of measurement and o
degree of 111ness can have a signiﬁcant effect on the results -
obtained. This is evident from the large variation observed in - R

stft{dies of critically i1l patients that compare measured resting EE
with predicted EE. Patients are extremely varii:bie\\gith regard to

- the degtee of, illness and therefore objective Btraeification is
esseni;ial. Until patienﬁs can be acq:rately stratified by severity
of illness, the use of derived equations to univetsally predict the
EE of critxcally i1l patients must be seriously questioned.

2) From obsérvation, it appedrs that sedation may :;ve a very

important influence on resting EE, EE during activities and total EE.

.
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3) It is ev1dent from tms study of 10 critlcally 111 patlents that,

‘in order to uvoid the undeslrable oonpllcatlons oi;‘ overfeedmg, :
" ,activity factor of 108 above the actual meas‘hred restmg EE to |

"account for routine activ1ties in "the ICU is appropnate in

»

estimatmg daily energy requlrements. '
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CHAPTER 4 ‘

THE EFFEX.‘I‘ OF RCXJTINE ADMINISI‘RATION OoF ANAIGESIA ON ENEK;Y
EXPEM)I’IURE IN CRITICALLY ILL PATIENTS

I .

Admnistration of large amounts of analgesia, sedatives and
paralytic agents have been shown to significantly decrease EE in
mechanically ventilated cntically ill patients. Rouby et al. (18)
and Rodnquez et al. (16) found that \70 decreased approximately
20% following administration of large doses (0. 5 to 4mg/kq) of
morphine to critically ill postsurgical patients. Cli_fton et al.
found resting EE fell an aVerage of 58% of the original level when
mechanically Qentilated neurosurgical patients were giiren a_'
paralyzing,dose of pancitronium btqnide. However, most studies in
which EE he: been measured to determine the ée,i’;ree of hypermetabolism
and/cr for provision of nutritional support have not considered the
amount of analgesia, sedative and paraiytic agents given to".
 patients. Recently Weissman et al. during an investigation of EE in
cntically ill patients observed that for one patient, both VO and
V(:O2 were lower when the patient was sedated compared with a -
nonsedated state (22) . Results from 24 hour EE studies of critically
i1l patients‘ reported in Chapter 3 support this finding.
Administration of analgesia and/or sedatives was often accompanied by
a decrease in EE; Routine administration of analgesia éemruly
refers to analgesia given to patients "as negessary" (prn) (13). The
amount and frequency of analgesia administered to patients is usually'
left to the discretion of the attending staff For example, a
‘commonly

®
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'prescribed dose of analgesia might be 5'—1‘0ng of intravenous (IV)
| morphine given prn. | |

The effect of analgesia and sedat‘idn on EEQin two patients

studied during the previous 24 hour study (Chapter 3) is illustrated
in Figures 4-1 and 4—2. A minute by minute acoount of EE ig Sy
preserﬁed for a period of time prior to, during and following |
analgesia'a’hd/or sedation administration. The EE measurements for
the first E\at'ient illustréted in Figure 4-1 were performed betiveen
| 1235 hourg¥and 1330 hours with the last dose of analgesia
administered. at 0800 hours (Smg morphine). ' At the beginning of the
period, the patient appeared very agitated, restless and was moving
his body and limbs without purpose; EE during this period of
agitation was 3999+200 kcal/day (duration=19 minutes). In response
to Ahis apparent disoomfort, the attending nurse administered Smg”of
IV morphine followed 10 minutes later by adnnmstratlon of "5mg of IV
diazepam. Post-sedatlon, the patlent appeared more comfortable and
rested quietly in bed; the EE during this piriod was 3070491 kcsl./day‘
duration=25 minutes). | |

The EE measurements of the second patlent illustrated in F1gure -

4-1 were performed between 0440 hours and 0530 hours; the last dose
of analgesia was administered at 1950 hours during the previous
evening (5mg morphine) At the beginrgng of the study period the
‘patient appeared to be restmg comfortably with his eyes closed
(possi.bly sleeping); EE during this period was 2055+71 kcal/day
(duration=2l minutes). At 0500 hours the patient was awakened and
repositioned in bed; EE during repositi.oning was 255918§ |
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- Effect of IV analgesia (morphine) and sedation (diazepam)
administration on energy expenditure in a critically i1l patient.
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EIGURE 4-2 ‘

Effect of v mrphine administration on energy expenditure 1n a

critically i1l patient following the activity of repositijoning the

patient in bed. Continuous measurement of energy expenditure was
" made between 0440 and 0530 hours. :

Smg morphine given
30001 ( '0 morphine §
= :
& 2000 , !
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(duration=6 minutes) . Fellowing repositioning, the attending nurse |
~ "administered 5mg of IV morphine to the patient. Postsedation the
patient-appeéred to benreSting caifortably;_ EE during this period was
reduced ‘td 1734439 kcal/day (duration=16 minutes). The lower EE
observed'following repositioning compared to EE observed prior to
repositioning was not expected as EE usually remains elevated for up |
to 30 minutes following an activity such as repositioxﬁng (22). 1t
- is therefore likely that the ‘lower EE observed following
repositioning can be attributed to the effect of morphine. The
results discussed in Chapter 3 and the observations presented above
strongly suggest that routine administration of 'analgesia and/or
sedatives decreases EE in critically ill patients..

~The primary purpose of this study was.to determine the effect of
routine IV analgesia administ‘ration on EE in critically ill patients
during rest and various activities such as chest physiotherapy and -
chest x—rey. Additional objebt‘ives were: (i) to determine if the

method of analgesia’ infusion, bolus IV injection versus continuous IV
9 ,

pe

s

infusion, would affect EE differently; and, (ii) to compare measured -
resting EE with and without analgesia, to predicted EE based on the ~
Harris and Benedict equation (7).

II Materials and Methods
(i) Patient Description |
Seven patients (6 males, 1 female) admitted to the General
° Systems Id] at the University of Alberta Hospitals were studied. Age
of the patients was 54+15 years (mean#SD). Clinical aescziptipng of

+
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the patients, APACHE II score on admission to the ICU, number of/’;days
patients were studied pdst-IGJ adnission. and outcome are presented

in Table 4-1. The APACHE II score was used to define the clinical “
status of the patient upon admission to the ICU (10). All patients
were intubated and mechanically ventilated in the assist/control
mode, with a nin F 10, Of 0.33t0.06. Patients who were B .
hemodynamically unstable and/or required constant analgesia for pain
control were excluded from the study. The protocol was approved by
the Ethics Committee of the University of Alberta Faculty of Medicine -
an(gs@ Unﬁers.ity Hospital and informed consent was vpbtained for all
participants. | . '

(ii) Energy Expenditurei Measurements
“ The VO and WO ) Measurements vére made using. a Gould |

90001V Canputerized Pulmonary Function Cart (Medical Products

Division, Dayton, Ohio) . 'I‘he Gould 9000IV was. validated prior to and
at tbeh end of each study as described in Chapter 3. The comnection

of the Gould 9000IV to the patient's ventilatory circuit for EE
measurements was the same as described in Chapter 3. .

(iii) Adninistration of Analgesia

- 'Patients did not receive any analgesia or sedatlves for at

~ least four hours prior to starting the study. No analgesia was
administered during the first half of the protocol , performed during
the morning. A schematic diagram of the morphine protocol is
presented in Figure 4-3. Period 1 refers to all measurements made _
when mor/phine was not administered and when designaied by subscript b
or 'c respectively refers to meaeurements made on the day bdlﬁ_us |
>4
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Diagram of the morphine protocol used. On day 1 and 2 during the.
morning study period, no morphine.wag administered to the patient.
At the end of the series of rest, activities and postevent periods a
loading dose (LD) of 0.15mg IV morphine/kg/body wt, foums‘ by
~either the bolus IV injection morphine protocol (period 2) or
continuous IV morphine infusion (period 2c). Measurements for period
-2 wére not started until 10 minutes after the loading dose of
‘ morphine was given to the patient. R

©_ MORNING , . *  AFTERNOON
5 Ko
Period 1;"( no morphine given ) Period 2b ( bolus IV mophine given )
200 min 10min ‘ 200 min

- or “+
: v
Period 1c ( no morphine given ) Period 2c ( continuous morphine given )
200 min 10 min 200 min

|5}

LD



. morphine injections (period"lb) and continuous morphine infusion
: (peri'od 'lc) were given. Period 2 refers to all ‘measurements made ' 4_
during morphine administration and when designated by subscript b or |
c respectively refers to measurements made during bolus morphme : ‘
injections (period 2b) and during continuous morphme mfusmn
(period 2c)
| Patients were allowed to rest quletly and no procedures or -
act1v1t1es were performed for one hour prior to steﬁrting the study

The first resting EE measurement was made at approximately 0630 hours

\each day for a 1/2 hour period. Followmg the resting EE

o measurement, a serles of act1v1t1es routmely performed in the ICU

“ were followed in a defined sequence and for a specific length of
- time. Each act1v1ty was followed by a 1/2 hour period (post-event
period) durmg which time the patient was allowed to rest qu1etly 4
: w:.th minimal disturbance by attendmg staff Energy expenditure was
' 'measured contmuouSly during rest, activ1ties an&wpost—event
_V periods. Sequence of act1v1ties and their average duration are
: _presented in Table 4-2 - Jwo patients did not have: dressmg changes,
-the substituted act1v1ty was patient’ weighmg on a slmg—type bed
Followmg EE measurenent of the last post-event period, pat::ents
'-were randomly asmgned to receive either 'bolus mtravenous morphme
inJections (penod 2b) or continuous v morphme infusion (period )

(Figure 4-3). A loading Gose of 0.15 mg of morphine sulfate per

‘ ' '_ kilogram bpdy weight per hour (mg/kg/hr) was dmimstered IV to the "

patient at the beginnmg of both morphme protoools MeasUreg;nt of .
. / ¥

S . S

-

.

-
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" Activities R Duration S
S e , (“inutes) ) X ..‘a c

(1) Rest T o 30

(2) Chestx-ray ‘ _“ SRR ; 5

(3) /Post-ivent Pericd '~ . 30

“>:_‘(4)‘7"Nurs,1n9* Assessment = - ’/ | 15

15) Post-Event Perid | 3 |

(é) Cﬁest 'Physioth;erapy“ L .fb./, .10 ‘

- (7) Post-Event Period " DRSS 3"0‘ |

(8) DresSmg Change (or welghmg Qf bed scale) | 20 . L.

(9) st-Event Period o / ; _/ g 0 o s
To?% : o / o  200‘ : R
: (.15"0 minutes of rest, 50 rr_Li.r}utes'of activities) S )

I S TR

i
!
i
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EE commenced 10 minutes "foildwing the inital‘ dose of '\morphine vas |
given (14). The EE was measured for 1/2 hour while the patient
rested undisturbed, thlS was . cons1dered to be restmg EE for period
2. The initial dose of morphine was followed by either bolus o
morphine injectmns of 0. l(hng/kg) glven every two hours or by

| continuous morphme J.nfusion of 0. O&ng/kg/hr. Morphine L
admimstratlon contmued unt11 tie complete sequence of rest, =
vactiv:.ties and post—events was complete@ Sequence and duratlon of A\

o all: rest, act1V1t1es and postevent perlods was repeated as closely as |

»possmle to those performed earller durmg perlod l.v : |

The order of perlod 1 and 2 was not randowzed. It was felt that

- a carry—over effect cculd 1nf1uence EE if analges:.a was glven durmg

: the flrst portlon of the protocol Therefore studles perfom‘\ed in

R the unsedated state (perlod 1) were performed m the morning and

"-'.:“curreBPOndmg mean duration (measured in mmutes) . '\

always preceded studles !performed ln the sedated state (per1od 2)
p ‘which were performed in the afternoon. o o
' :_‘.»(iv) Defimtlons TR | S
| ’ Non—act1v1ty EE refers to EE durmg the post—event penods (four
L 30 minute perxods éor each patlent) and gestmg E:E (one 30 mmute
| f"»penod for. each pat?«lent) Total EE refers to currulative energy
f'_'expended during all restg actlvn:xes and post-event perlods. Total
i’ EE was calculated ﬁor penods 1 and 2 on both days of study The
Value for total Eﬁ was obtamed by d1v1ding mean EE (measured in
A = kcal/day) of ea:Jrest, activxty and post-event penod by 1440 to

B convert EE to k /minute, and then uultxplymg these values by the1r :

)

P . : »."'[
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The ability of analgesia to blunt the rise ih &:E\associated with
' chest x-ray and chest physxotherapy was determined "py comparing the

percent rise in EE during periods 1 (no morphine) and 2 (during .

morphine administration) . The percent rise in EE ass@ciated with

chest X-ray was calculated from the EE during perfomnnce of the’

_ procedure d1v1ded by the EE of the preceding rest period and for

chest physmtherapy, from the EE during chest physiotherapy divided

by the EE of the preceding post—event period. : '

‘(v) Statistical Analy51s o ' = J‘“ | }}
‘A Student's t-test for paired data was used to determine

dlfferences between resting EE, non—act1v1ty EE, total EE and percent

rise in EE assoc1ated with chest x-ray and chest physmtherapy

between periods 1 and 2 A paired t-test was also used to oompare .

differences between periods lc and 2c and periods 1b and 2b.lg For the " .

nonact1Vity period, a paired t-test was used to determine differences s

: between periods lmand 2 for \702, \)C02, respiratory quotient (RQ) T

_'and mmute ventilation (v, ) for a11 patients and for each patient -

on an iandiv1dual basis (20). - Pearson 8 correlation coefficient was

,used to eva;uate the relationship between admission APACHE II score

‘l and percentage that resting EE, for periods 1 and 2 was above

" predicted EE (10). All data is expressed as the mean+SD anq a-

‘probability level of less than 0.05 was. accepted for statistical

; (vi) Mtntional Support | . | o ‘

) Four ?patients received parenteral nutrition, 2 patients

) received enteral nutrition and 1 patient received only intravenous
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| dextrose during the study period. Infusion rates and type of

nutrient solutions received by patients were kept constant for the 24

. hour period preceding ‘and during the entire study period. Mean
‘ caloric intake was 176],_920 kcal/day (range = 264 to 2625 kcal/day) .

-(vii) Predicted Energy Expenditure
Predicted EE was determined\ usmg the Harris and Benedict

‘equation (7):

* male EE = 66.47 + 13.754 + 5.0H - 6.76A
female EE = 655.10 + 9.56W + 1.858"~ 4.68A;

where: EE = energy expenditure in kcal/day{v W= weight in kilograms;

H= height in centimeters; A = age in years.

A pilot study was performed on one patient to validate the |

protocol and* t;o engure that periods l and 2 were. repeated in a

reproducigle fashion. One nurse was respons:.ble for the care of a

given p&tient during the- entire d&y of study.
©

&
Admission APACHE II score of the patients was 20+4, and 5 of the’

7 patients died during the post-study ICU course indicating that the

population studied was severely ill (‘l‘able 4-1) Mean amount of
morphine received ‘by patients as a loading dose was 11, 3+2 Smg and
the mean ‘amount received during the remainder of the study period was

14, , 25, 5mg No significant correlation was found between the
‘ patiem'.!s adnission APACHE II score and degree to which measured

resting EE-exceeded predicted EE for, period 1 (r=0 59, p=0. OB,), or

period 2 (r=-0.50, p-O 13)
L ]
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Pred:l.cted EE, resting EE 'ﬂthempgzee to which resting EE @

| exceeded predicted EE for both. riod 1 (no. ar lgesia) and period 2
(during analgesia) are presented t’n Table 4~-3, Predig:tod EE _wasv
1604+247 kcal/day. Resting EE during period 1 was sigrxificax;tly |
higher than resting EE during period 2 (22004563 kcal/day vs 20674538
kcal/day, p<0.01). This corresponded to a 36.8+17.4% and 27.9+17.2%
increase in measured resting EE above Qredicted EE for periods 1 and '

2 respectively (p<0.01). - | -

The resuits for comparisons of nonac;tivityVEE (resting EE and EE.
during postevent periods) for 'periods 1and 2 (oo morphine vs IV
morphine), periods 1b and 2b (no morphme vs bolus IV morphine
1n3ectlons) and periods lc vs 2¢ (no morphine vs oontinuous v
morphine) are presented in Table 4-4. Overall mean EE during the

) nonactivity period was greater for period 1 then '2 (2209_1536 kcal/d;y
vs 2041#522 kcal/day, p<0.01), period 1b than 2b (2190+499 ”kcal/day
vs 2039+484 kcal/day, p<0 01) and period 1c than 2¢c (22274586
kcal/day vs 2042+574 kcal/day, p<0.01) . F:r individual patxents EE

~was greater durmg period 1 than penod 2 for. all T patients, 'however ‘,

/ | for 2 patients the difference was not statisticailyf?eigriific;ant;"_ For

| both period . 1b compared to period m and period 1c oonpared to 2c, '
of 1nd1v1dual patients was higher during period 1 than period 2
Bowever, for both types of motphine infusion, the differenoe was not
statistically 51gn1f1cant for 3 patients. , , S
Nonactivity \70 and \'ICO followed a response similiar to EE -

'_f 'measurenents made with and without morphine. Oxygen consunption was ’

- sigruficantly higher dunng period 1 than period 2 (367+16m1/min vs
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338+7ml/min, p<0.01). Carbon dioxide f)roduction was also b
ignificantly higher during period 1 than period 2 (340+20ml/min v‘
30549ml/min, p<0.05). For individual patients VO and OCO
' during the nonactivity period were significantly higher during period
® 1 than period 2 for 5 of the 7 patients (p<0 05). The mean m d'uring ;
* the mctivity period without morphine (period 1) was .93+. 04 ‘and “m
following morphine (period 2) the RQ was .90+.02, this difference was
not statistioally significant. The patient's V during period 1
~ was significantly greater than v during period 2 (10.7+0.8L/min vs
9.5+0.4L/min, p<0.05). L
| Total EE measured for a mean duration of 2500 nn'.nutes was
315+77kcal for period 1 and 290+77kcal for per;iod 2. This ‘
represented a significant decrease of 8.6+9.8% in EE associated with
~morphine administration (p<0.01). Total EE was higher during period
1b than 2b (307+77kcal vs 291+77kcal, p<0.05) and also higher during
'period' 1c than 2c “‘(3203;'82 vs 290+84, p=0.05). The“fall in total EE
aseociated@&tgvmrphine' administration'is illustrated in Figure 4-4.
For periods 1 and 2, percent rise in EE associated with chest -
x~ray was 15.748. 7% and 21. 2+14.4% and for chest physiotherapy was
; 19.6+10.9% and 22. 8+11 5% for periods 1 and 2, respectively. For
% %aeriod b and 2b, peroent rise in EE .associated with chest X-ray was
*g@ $15.4+10.0% and 20.9+8.6% and f?r chest phys:.otherapy was 21.9+13.3%
- ? and 24.0+11.1%, respectively. For periods lc and 2c, percent rise in
¢ EE asgociated with chest x-ray was 16.048.0% and 21.4+19.3% and for
|  chest physiotherapy was 17.248.3% and 21.5+12.5%, respectively.

Percenq rhe inwﬁg&ssociated with chest x-ray or chest physiotherapy |

Y



' FIGURE 4-4 " o -

Fall in total energy expenditure (200 minutes) associated with
morphine administration for the 7 critically 111 patients studied.-
- Period 1 refers to total energy expenditure when no morphine was
given and period 2 refers to total enerqy expenditure when IV
morphine was administered to the patient.
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was not aignifi&ntly different for periods 1 and 2, periods 1b and
2 or periséds 1c and 2c.

IV DLSCUSSION R
" As discussed in Chapter 3, many reports have attempted to
determine the degree of hypermetabolism aésocia'ted with critical -
illne;s. However. based on the pPesent available data, there appears
to be little consensus among investigators. Several researchers have
reported critically ill patients to be only modestly hypermetabolic.
Baker ef al. found a nean increase in €6 of 4.6% above predicted
normal levels for a;group of mechanically ventilated ICU patients
(2). sSimilarly, Weissman et al<-found mean resting EE to be 3.8%
above predicted normal levels for a group of WMly ventilated
postsurgical ICU patients (23). Mann et al. re;:«orteud~ a mean increase
in EE of 15% above pi:edic;ted normal levels for 50 acutely ill
patients (12). | A

In constrast to-these reports, other investigators‘ha‘ve reported
large increases in EE associated with critical illness. Savino et
al. reported mean resting EE to be 28% above normal for '
postpolytrauma and postoperative surgical patients who were receiving
’ mechanical ventilation in the asgist-control mode.and 43.7% abbve
normal vhen the,same patients were studied while receiving
intermittent mhéatqry ventilation (19). .Wynn et al. :eporéed a mean
increase in EE of 40% above normal levels for 28 postoperative
critically ill patients (24). During our study of 24 hour EE in 10
mechancially ventilated patients (APACHE II score = 23+7) mean
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resting EE was 47% above pfedicted normal levels based on the Harri‘é
and Benedict equation (20). For tbe 7 patients presented in this
study (APACHE II score = 20+4), mean resting EE was 37% above /
predicted 'noml l’ev‘els when no morphine was administered and 28¢
above predicted ‘x{orﬁal values when routine amounts (0.05mg/kg/hr) of
morphine were administered. |

Several factors likely contribute to this large reported
| var1ab111ty in EE seen in critlcally ill patients. Factors such as
previous nutritional status of the patient (1,11) infusion of
nutrients (1,8,15,17,25), anxiety and pain (5,22), mode of ‘
ventilatory support (19) and severity of illness (20,23) can affect
EE of criticaliy i1l petients-. “Although the effects of administering
very large amounts'ef morphine to criticelly 111 patients has been
studied, the effects' 6f routine amounts of analgesia commonly
administered to IeU patients, has not‘beén previously reported.
Rouby et al measured the metabolic response to injection of

0.5mg/kg of morphine (e.q. l35mg of morphihe for a 70kg man in 24
mechanically ventilated patgents) (18). They found the degree and
duration ef sedation varied markedly among patients. In their study,
for 10 patlents, the initial’ \70 was elevated and mrphine T
administration resulted in a significant decrease in \70 of 21%.
For the remaining 14 patients, initial 00 was normal and morphine
adtunistratton still resulted in a significant decrease in VO but
of a lesser degree (9% decrease). .

Rodriquez et, . compared the effects of morphine adninietered to
a group of postoperative patients who underwent intraabdomiml dt

»
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intrathoracic’ p.xooe‘duteg (16). Eight patients received a mean amount
of 0.62mg/kg- of morphine and 10 patients received a larger doae with
amanamountofll&ng/kgofmrphine Oxygen consumption and EE
were significantly lower for gati@ts \mo received tjme larger
morphine dose compared to patients who reoeived the lesser dose
| (Y0, was 'Gﬁtnl'/kg/_hr vs g&nl/kg/hr and EE was 60kcal/hr vs
| l4bkcal/hr, respectively). ' s
'raylor et al. observed a 29% decrease in EE from the orig‘inal" .
level-in 5 burn patients following administration of &norphine at a “jb:
rate of 0.30mg/kg/hr (21). Our results euppo;t these findinge
our study, even though a considerably smallet adose of &rpﬂme '
(0.05mg/kg/hr) was ‘administered to patients, EE duri.ng rest .
nonactivity periods and total EE decreased approxmately 8% cqrgared
to EE measurements made when- morphine was“not adninistereq MS “i*

b

-response in EE appeared to be similiar for bolus inje,ctions and
continuous infusion of morphine. ". e 1 ;
The effect of analgesia on EE was highly va;iable iu;ntj v
patients. Reduction in resting EE following bolds mot;plﬂ.ne | y
injections ranged fran 4.5% to 20.2% and following continuous ' l'
morphine infusion ranged from 1.0% to 10.6%. Similarly the reduction
in nonactivity EE following bolus morphine injections ranged from
1. 5% to 18.2% and following continuous morphine infusioh ranged from
4.3% to 14.6%. The reason for the large vatiability seen among
patients is not precisely known, but could-be related to ‘several
£ rs. The’ degree of pain experienced by a mechanically ventilated

patient is often difficult to assess (3) - All patients included in
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of individual patients was variable (Table 4-1). It is therefore
likely that degree of pain and discomfort experienoed by individual

- 157

- this study were critically 111, however severity and type of 111neas

patients was also variable. Administration of morphine at a defined
r, : ,

amount and rate may.have been sufficient togcontrol pain and
discomfort in some patients but not in other patients. A second

factor that may contribute to the variable degree of response in EE

: essociated with morphine administration was the variable amount of

analgesia and/or sedative which patients had received on days prior .

to the study. Tolerance can develop‘after repeated administration
morphine, with the analgesic ;effect/beinglessened (24). On the
other hand, repeated use of ahalgesic drugs can be cumlative in
their .action (3). Despite cessation of ena{lgesia and/or sedative
administration 4 hogrs prior to study, it is poss”ible that a
carry-over effect may have mfluenoed)ﬁ,o; some patients duging

period 1. /
S

of,

Although routine amounts of analgesha did not appear to blunt the

increase in EE*3ssociated with specific actiyities such as chest.

et

x-rays or chest physmtherapy, total EE (including rest. postevent

periods and activn:ies) was ﬂigniﬁcantly decreased during the period
. morphine was adninistered compared to the period when morphine was

not giv In Chapter 3, atory mechanically ventilated’
- _

' cntlcally 111 patients spent approximtely 758 of the time ina 24

hour period in a nonm-active or resting state with daily activities '

accounting for approximtely 25% of the time mring a 24 ‘hour

, period. Since both non-activity EE and resting EE were signiﬁcantly

¥
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A possible explanation fOr the decrease in EE and \70 seen S
following v ‘morphine adninistration 1s a reductiod in cardiac output
which resulted in- a decreased delivery of oxygen to the tissue. '
AIthough cardiac output was not measured in this study, Rouby et al.

’ found that- cardiac output and oxygen delivery were signiflcantly

decreased following IV adnunlstration of large doses of morphme to
crit1call& i1 patients (18) Kﬂoweve& tTy found that artenal—

¢

~ venous ongen difference d1d not change therefore suggesting that

decreased \70 was not due to a low oxygen delivery but rather due :

: to a primary effect of . morphme on decreasmg oxygen consumption of

the tissues. Regardless of the mechanism, thls fmdmg has mportant

inplications w1th respect to- measurement of: the degree of @e ”ﬁ;i%f’
hypermetabolism associated W.‘Lth CrlthLl illness. These results ,
suggest that it may be possmle to alter the EE, and possibly the
degree of hypermetabolism, assoczated with critgcal 111ness by |

- manipulating the amount and type of sedatlon given to patients.

Finally and most rtant‘ly, the large variability m EE assoc1ated

with critic!l illness reported by other mvestigators may in part bew ,‘ '

to‘varying regimens used to sedate ventilated patlents. : EE _
In the previous study (Chapter 3) ' the degree to which resting E;, 5

‘ 'j exceeded predicted norml levels was sigmficamzly correlated to the
‘ o - adnission APACHE I ,;scores of the patients. 'l‘his suggested that the
B AME II score, used to quantify the severity of illness, could be’

related to the degree of' bypermetaholism exhibited by the patient
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For the 7 patlents in thlS study, the APA&HE II score on adnission to |
the ICU was not srgrufzcantly correlated td'the d?gr& to which
restmg EE exceeded predxcted EE, for either periods 1 or 2. ‘.

_ fact, the degree of hypernetabolism as assessed by the degree to‘ e
Whlch rgstmg EE exceedéd predicted EE 1eve1s was sigmficantiy

‘grg er"igen morphme was not giVeh to patients ooupared to when

‘”was admmistered. It appears that the degree to which

. measured EE exceeds predrcted EE%an be altered !Jy morphine ‘/','7;‘:_;
adnum,stratlon., The degree to wh.xch measured EE was altered 3?/ "
.. vanable among patlents. Alteratlon of measured EE was mdependent
. of the pat;ent s adm1ssion APACHE II score.. Therefore, the results

| of this study do not support the prev1ous flndmg (Chapter 3) that

s the APACHE II soore may be. a useful predlctor of degree of

o hypemtabolran assoc1ated with crltical 111ness. ¥ oo 'f_f- - -
e o
ay S Admmstrat,lon of a small dose of morphine (0 10mg/kg) i L
| 81gmf1cahtly decreased EE m cri 1ca11y 111 patlents at rest and

SRR

)' _ durmg nonactlvfty penods Anaj}esra admimstered at tlus dose gg)

R no? blunt the rlse m EE assoc1ated wzth actlvitj‘es such as chest

‘? Ly ay aw Chést pi;ysmtherapy. m mgfb& Of ‘ VJ o §ia .; ,_ ., » x,
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| mscussxon AND ooncwsxons . | T
| The develoment pf portable automated systems oapable of .

determine ehergy requirements is a sxgnificant advanoe. Iu the past. .
energy requirements of mechanically ventilated critically ill
Natients have been estimated usmﬁredictive formslas such as the

;ﬂarns and Benedlct equations (5) and the Aub and mBois surface area
| fornulés (1) with the' addltion of arbltrary factors to acoount for
act1v1ty and the stress of 111ness. . Several recent sfﬂles in which
portable automated systems have been used to determme EE strongly
. support £wo mportant findings. Firstly, predictive fonmlas cannot
. accurately predict the measured EE of\ mechanically ventilated . <l
cr1t1ca11y 11} patients (2/3,7,12). Seéndly, there is wid o
var:.atlon in the measured\mnbf groups of critically i1l *patients R
' studied (2,3 7;9,12). Both of gese £indings ¢ support the'need to |
-accurately measure EE of a cr1t1cally 111 patient._on an individual i |
patient basis in order to pro’ ide the appr0priate daily caloric needs
" of the pati/ent and to study the efficacy of nutri&xonal suppqrt
We recently purchased an autonated portable system at the

Umvers:.ty of Albeyta v
'venti'—fléted criticall 111 patients. The purpose of the study

described 1n Chapter 2 was to validate ‘the’ Gould 90001V Ooumterized
. .Pulmonary Function Cart to estabhsh&@scuzacy and: any limitations
- of the systan. puring the mit1a1 j.n vitro studies large errors in E o
'voz measurements of approximately 43% when the system was tested at ,» .

;n 1‘-‘10@ of" 0.60 wer}.e_’;_found., This error was attributed to a leak
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in the Gould 9000IV spirometer. When the spirometer dumped the

\

- expirﬂrair, room air (F;0 -0 21) & entrained into the
U dpiraneter tluefge diluting theﬁpired air sanple. This error was =
. of small co‘ ‘ ‘%;:o 0C62 measuranents, however Sadien s

N 3 J‘l"‘ Shg
significant xconsetjuence tp;
o ';v

.F 02 levels. We therefore modified t,l§ system @%er m j»,';,.'
‘ }?“' g * B ..,.n Ve ‘ N
modified by adding a large household ry jr’ ‘hose t'o;;;the expired dump

R

" port of the spirometer. This prov1ded an adequate amount of deaa

oo

space to prevent entrainment of room air into the spirometer.s The_
. Gould 90001V modified by the dryer hose was used for all measurements
w  Of ol ar?d VCO’at all F‘IO2 levels and ventilator settings.

j "‘ Subsequently, the - accuracy of VO2 measurements made at F.0, S
values of 0.22, 0.40, 0.60 and.0.8Qwere +2.640.38, +3.540.48,
' +5. 9+0. 5%, and +16.9+0.6%, respectively; The fact that actual "102 .
> measuranents alvays overestimated calculated VO and that this _
| £t a sngn leak in- the

verror was not random in nature‘ug

systen was still present. The :acc.iiacy of 0(:02 measurements made

at all four F 02 levels was *j}ﬁ .,,From the results of this ;n_
A

Gould 90001v mth the ﬂryer hose
y ‘measure \'70 and (JCO in

‘vitro it vas corkfuded that

adaption can beused to accur.
@‘mectmicallg ventilated critically ill patient(s,\wlho receive a
FIzofOSOOrless. | ~
@ . Mutrition research’ studies usually base the total daily caloric
. intak\e that patients receive on the total daily EB. "The question
| then arises as to what is the total daily EE in the mechanically

ventilated cr‘itically ill patient? Since it is not possible to .

*
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{",. ' measure 24 hour EE in all critically ill.sulbjects ?h a' continuous
pasis it was therefore necessary to study a group of critically ill
— patients to'determine an appropriate factor to "account for dail ¥, :
act1v1t1es. &elssman et al. recently reported 24 hour EE in 3 "'

v .
mechamcally ventilated ICU patients and found Gaily EE exceeded vo )

restmg EE by only 5% (11). Because the nunber of patients i‘.he\s‘;;-ﬁ'%a
» Yo
tudled was small and because the "ICU routinehﬁ&y vary at difﬁreht

/'*'l.;

S, - L L

' 1nst1tuti%ns, it was felt & be necessary to further investigate
JI
hour EE in critically ill patients. ‘ o ¢t‘

Ten mechanically ventllated General Systems ICU patients wgr::*
studled.’ Varlous routine ICU activities such as repositibning »the

»_ tient onra\&ngﬁtybe
‘bedscale and chest x—ray were associated with. -large J.ng j.n EE
" above res 1ng levels of 31+11%, 20410%, 36+12% ‘and 22+15€% ’&,.Y‘a-'

patient,’ chest physxotherapy, weighmg the..

/

i : respectiv However, beqause these activities were performed.ﬁpr .
relatively sHort durations during a 24, hour period, their total ) g«,;j}
contrlbution to ¢otal daily EE was small. For repositfbrﬁng tlfe 't ‘\' .' '
patient, chest physmtherapy, weighing the patient on a sling-type ‘
bed: scale and chest x-ray, ‘the overall contribution of these

o | act1v1tes to total EE was approximately 5%.

‘ Total EE of the 10 patients was only 6 9+2 6% above the resting
level and ranged from 1.4% to 10.6% for individual- patients. This
result supports the conclusion that an-activity factor of no greater
than 10% is appropriate to apply . to measured resting EE to account
for tota" daily EE in mechanically ventilated critically 111
patients. ' - C
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An interesting obd ation made during the 24 hour patient. ﬂ
studies was that the ad!ninistration of analgesia W; sedation was -
often associated with a ion in EE. This was_an iuportant
-finding as it potentiﬂ}(‘::ant that resting EE, total EE and EE
duri“ IV activities in ’tic%‘ly 111 patients my be altered by
administration of routine amounts of analgesia and/or sedatives. 7
"Although it has been previoum shown that adninistration of large
-amounts of . morphine to critically i]il patients can significantly N
reduce EE by approxinately 20% (8 9), the effects of amall routine |
- doses of analgesua comron‘l”‘y admmistered to ICU patients had not been
' reported.. The purpose of the study described in Chapter 4 wvas
therefore to study the effect of routine administration of analgesia
(0.1&ng morphine/kg .body weight) on EE in.mechanically ventilated ‘
critically i1l patients. " - '

The effect of a&ninistration of routine amounts of v morphine,
given as bolus injection apd oontmuou} infusion, on EE was studied
in 7 necknnically ventilated General Systems ICU patients. ‘ ‘
Adninistration of either bolﬁ‘s Iv inJectionsoor continudus IV
' infusion of morphine resulted in a sigmficant reduction in EE ' |
poanpared to when no. morphine was given. Restmg EE, total EE
measured for a 200 minute period, and-nonactiuty EE (defi.ned as EE
during rest and postevent periods) decreased by approximately 8% when
'morphine was adninistered ccmpared to ‘whén no. morphine was given. i
Theue results support the’ conclusion that routine- adninistration of

IV mrph:lne significhtly decréases EE in mechamcally ventilated

critically i1l patients

‘e



The reductien in EE found ‘folloui‘ng .IV morphine adninistration
might be explained by a decrease in oxygen delivery to the tissues
caused by a reduction in cardiac output. Although' cardiac output was
not. measured,yRouby et al. found a significant reduction in both
cardiac output and .oxygen delivery following administration of large
doses of morphi.ne to critically ill patients (9). Boweyer,&they ;
found that arterial-*venousuoxygen difierence did not chang: :hus 4"1'
suggesting that EE did not decrease se:indary to %ow oxygen delivery
but rather to a prirmry effect of morphine on decreasing “the tiasue

demands for oxygen. This finding has important research andclinical

finplications. with respect t%previous research studies, it suggests

K4

.. that differences in EE %ritica&ly i1l patients reported by -
K fﬁirxvestigators may be largely related to different analgesia regimens

used at the various institutions to sedate mechanically ventilated
patients. Taken one step further, the results \°f ‘this study su%gest
that an "optimal" amount of analg'esia and/or sedation given to

patients may benefica.ally\redUce their EE or degree of so called -
"hypermetabo_lism" thus making gproﬁte daily nutritional support

- .

easier to achiev

The last Question addressed by ‘the studies reported in this

thesis was the degree of hypermetabolism associated with critical

illness. In both Chapters 3 and 4, the degree to which measured EE
exceeded predicted EE (based on the Harris and Benedict equation) was

| determined. Measured resting EE exceeded predicted EE by 47+22% for
the 10 pat:,ents studied during the 24 hour EE study (Chapter 3) and

measured resting £E excee&d predicted EE by 28+17% for the 7
R

-16‘7'-;
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patients studied during IV morphine administration and 37+17% when IV
morphine was not adninistered during the morphine study (Chapter 4).
In both studies the increase in measured EE above predicted EE that
was obsaved for all patients was considerably 1arger than most
recent investigators have reported. .'I‘he reason for this discrepancy
is likely related to several factors, the mjorlone being severity of
iliness,. Based on our, data andthat of previous research studies it .
appears u;Likely that the degree of illness is similar between
indi\ridual patients and therefore‘the degree of hypermetaholism
oﬁserved is likely to differ between patients. When extrapolated to
patient serige. it is not msprismg that profound differences in
ol ‘rgs?lti are on ‘;Zed The degree to which resting EE exceeded
predicted normal EE in critically ill patients ranged from -46 to
123% in Baker et al.'s study (2), from 14 to 1332 in Gazzamga et
al.'s study (4), 23 to 83% .in the study on 24 hour EE (Chapter -3) and
4 to 559 in.the study on the &'fects of lorénine on EE (%apter 4).

An attempt was made to clarify the relxgionship ‘between severity
of illness and the degree of hypermetabolign seen in critically ill
patients. All individual patients studied in Chapters 3 and 4 were "\
+ soored on adnission to*ttie JICQU using.the APACHE II scoring system

| ). It vas hypothesize% that patients with higher DPACEE 1T goores
'« were indicative of the more severely i1l and they therefore would be .
expected to exhibit a larger inoreasehlin metabolic rate'f\bove
'ptedicted normal levels than patient with lower APPCHE II scores.
'rherefore the APACHE II soore determi.ned on the day of ICU: admission

rm oorrelated to the degre&of hypermetabolism wh.i,ch was defined as

’ . 1 L ]
[ ' : .

) : Sy
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. im.tial rise the patient's r.s would ¢

/ .‘ . hY
/

~ the Begree to which%asured resting EE exseeded predicted EB. For

A

he/patients studied in Chapter 3 (24 hour EE studied), a significant

: correlation was found between the putient 8 aanission APACHE II score

and the degree to which ‘measured resting EE exoeeded predicted EE _'

-(r=0.64,p<0.02) .. However for patients studied in Chapter 4 (morphd.ne

study), no significant correlation was found between the patient 8
admission APACHE II+score and either degree to which resting EE

exceeded predicted EE during the period When nOgmrphine was’ "5."
: [ 4

‘ admnistered (r=0. 59,p=0 Oa)mor degree to which resting EE excew °

predicted EE during the period When morphine tas administered

(r==-0 50, p=0.13). " The APACHE 11 806!% determined when the patiént

is adnitted to the ICU,is a static score that remiins. uncﬁnged 1,1 R
regardless of subsequent changes in the patient's clinical A
condition. .Therefore it would be expected that the particular 1?3%11
of time betweenwhenthepatient is admitted to the ICU and when.EE 5

1
meashranents are made will inflbeao(thks relationship. For exanple,

the degreé of hypemeébolism seen, for a yourig healthy patient
sustaining nultiple injuries from a motor vehicle accident may be

very high during the first days in the. trcn er fonowmg this

mdicted EE was reapedwtm nokphine was Afhinisteted compared to
rphine was not adninistered, houever the patient's admission

a

-
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- ranained the sane For the period when morphine vas

| sitive correlaticn was observed between the patient's

KFJRPACHE I"ncoreandthedagree to which measured resting EE
'edicted EE. Bowever for the period when Morphine was

aaunisté:ed, a negative cortelation was observed between the
patient's: adnission APACHE II acore and the degree to which measured

* resting EE exceeded predicted EE. Thie was not an expected finding
and may posaibly be explained by the fact that the administration of
morphine resulted in variable reductions in resting EE among 5
patients. It appears that larger redyctions in EE occurred following -
morphine adninisti’ation in patients who had higher admigsion APACHE

IT scor:s. These results suggest that it is unlikely that admission

. APACHE 'IX score is a reliable predi{ctor of degree of hypemetabolism

seen in critically ill patients. . , T

" 'rhe results of EE measurements made- in.Chapter 3 and 4 strongly
support the general conclusion that EE is extremely variable among
mechancially ventilated critically ill patient. Presently there

&ppears’ to be no method to accurately predict EE in this group of
patients. Nutritional mmgenm:t based on. predict‘ive formulas. my :

1ead to inadequate or excess caloric intakes. lleaaurenents of o k
mtmg EE ﬁ\indivmual patients by autameed%m tabid 'sxbt#s and
the addition of 3 10% factor to account for daily activity i$ the -
mﬁnt accurate nethod to assess hiiy enerqgy, requirements of |
nechamially ventilated critically ill patients.

\
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