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My name 1s Edward Sumner and I am a consultant in Paediatric Anaesthesia with an

interest 1n Intensive Care.
I was consultant at the Great Ormond Street Hospital for Children, London, from
1973 until June this year. I am the author of several textbooks on the subject and am

the Editor-in-Chief of the J ournal, Paediatric Anaesthesia.
Currently, I am the President of the Association of Paediatric Anaesthetists of Great

Britain and Ireland.

In the preparation of this report I have carefully perused all the medical and nursing
notes and statements presented to me, together with the reports of Dr Herron and Dr

Loughrey.

I understand that my overriding duty is to the Court on matters which are within my
expertise. I also believe that the facts I have stated in this report are true and that the
opinions I have expressed are correct. -

Rachel was bom on 4" February 1992 and was a previously fit and well little girl with
normal development.

On 7% June 2001 she was admitted to Altnagelvin Area Hospital via the Accident and

Emergency Department complaining of sudden onset, acute abdominal pain with
Increasing severity at around 8 pm. She had eaten dinner at 5pm but after that had no

E RN *i" .t,;u nauseated but was not vomiting. Her temperature was normal. The physical
3 ' _f‘g:, re of acute appendicitis wﬂh tenderness over Mcburney’s point. Her weight

. 0 .- tive haecmatology and biochemistry was normal, notably the serum sodium
Dashie otwasnormal at137mmol ]l T ,
SRR The urine analysis showed proteinuria++
- 7 Consent for surgery and for rectal analgesia was taken from Mrs Ferguson 1n the
~ theatre area. No premedication was administered and anaesthesia was induced at
approximately 1130 pm. The anaesthetists were Drs Gund and Jamison and the

surgeon Mr Makar.

The anaesthesia was routine and involved analgesia administered by the intravenous,
rectal and local routes and a relaxant technique with intubation. She was also given an
antiemetic. The anaesthetic form shows that she was given one litre of Hartmann’s
solution, but a witnessed, retrospective note states that only 200ml of this was actually
infused.

Surgery finished after midnight on 8 June and postoperatively there seemed to be
prolonged sedation from opioids, though she was awake in recovery by 0115. The IV
infusion was to be recommenced in the ward.
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. The appendicectomy was routine. The peritoneum was clear and the appendix itself
‘j was mildly congested with an intramural faecolith. There was no Meckel’s
diverticulum.

Later on that day Rachel was noted to be apyrexial and free of pain, but she had
vomited at 0800 and at 1015 she had a large vomit and again at 1300 and 1500. At
2115 the nurses noted “vomiting ++ (coffee grounds), colour flushed to pale,
complaining of headache” and at 2300 there were three more small vomits. In splte of

the vomiting Rachel had been able to walk during the day.

During this time she was receiving an intravenous infusion of solution 18 (0.18%
saline with 4% dextrose) at a rate of 80ml per hour with a total of 540ml between
leavmg recovery and 0800 and a further1680ml between 8am and 4am the following

morning (9% June) giving a total of 2220ml in 24hours. The fluid balance chart is
confusing as the IV input is in the wrong column and I am not sure what is the
significance of the AMT (150ml every hour). There is no note of any urine output or
oral fluid intake, though it does say she was fasting during the night of surgery. There
was no nasogastric tube at that stage.

On 9" June 2001 at 0315 Dr Johnson was called because Rachel had had a fit and
had been incontinent. The seizure activity eventually responded to rectal and IV
diazepam after 15 minutes. Oxygen was given. Although she was unresponsive, the
other vital signs were normal and the blood sugar normal at 9.7mmol.1 ™ An
electrolyte disorder was suspected and this was urgently checked. The electrolyte

results from 0330 were: sodmm 119, potassium 3, chloride 90, CO, 16 and
magnesium 0.59 mmol.1 = These were repeated at 0430 when the serum sodium was

found to be 118, potassium 3 and CO, 15mmol.1” !

-;--5 AR0) ' f , the paediatric SHO noted that Rachel looked very unwell with pupils that
ﬁ,, *‘ o efixed and dilated. Her face was flushed with a rash and petechiae on the neck,
ok “ } ﬁ'om the vomiting. The chest was “rattly” and they wondered whether there
g v 1 aspiration into the lungs. The differential diagnosis at that stage was

n the biochemical disorder and a cerebral lesion such as memngms
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AT " e is also an untimed note from the surglcal registrar mentioning that Rachel was
T o7 unresponsive with fixed, dilated pupils that she was intubated and that an emergency
P CT scan was organised. |

At 0830 the anaesthetist was urgently summoned as Rachel had stopped breathing. He
found her to be cyanosed and still vomiting. She was intubated without the need for

any drugs, given antibiotics, intravenous 0.9% saline with magnesium and
catheterized. Suctioning down the tracheal tube produced copious dirty secretions.

Later, the CT scan showed evidence of subarachnoid haemorrhage with raised
intracranial pressure and at the request of the neurosurgeons a second, enhanced scan

showed no evidence of a subdural collection of pus.

She was transferred to the intensive care unit and then to Belfast at 1110 at a time
when she was hypothermic and with a negative fluid balance of one litre.
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Rachel eventually died the following day at 1209.

The postmortem examination was carried out on 11™ June by Drs Al-Husaini and
Herron. They found diffuse swelling of the brain with flattening of the gyr1 and
effacement of the sulci. There was bilateral uncal swelling and uncal necrosis, plus
evidence of diffuse hypoxic ischaemic necrosis due to perfusion failure. Their
conclusion was that Rachel died from cerebral oedema due to hyponatraemia.

I would like to make the following comments:

1. Rachel was a previously fit and healthy little girl suffering from mild

appendicitis.
2. Postoperative vomiting is very common indeed and has a variety of causes

notably as a reaction to anaesthetic agents particularly the opioids such as
fentanyl and morphine, but also after interference with the peritoneum.
Vomiting is also a sign of rising intracranial pressure. Rachel was given
antiemetic drugs, but suffered very severe and prolonged vomiting We know
this because of the presence of “coffee grounds™ which is a sign of gastric

bleeding and also the petechiae seen on her neck from straining.
3. It has been known for many years that after surgery there an accumulation of

fluid in the extravascular space and that some degree of fluid restriction 1s
necessary postoperatively for 24 to 48 hours. This known to be caused by the
inappropriate secretion of Antidiuretic Hormone (ADH). The commonest
regime to cope with this and prevent the deleterious effect of the excess water
is to give 2ml per kilo body weight per hour for the first 24 hours of a solution
such as 0.18% saline with 4 or 5% dextrose and then a little more the
following day. During this time it is essential to replace gastrointestinal losses
with an equal volume of 0.9% saline (normal saline) together with a potassium
supplement until the patient is back to a normal feeding regime. Rachel was
given approx 4ml per kilo per hour of the no 18 solution and no saline
replacement for the vomiting losses.

4. Vomiting causes a severe loss of both water and electrolytes. Sodium and acid
are lost from the stomach in the vomiting and as a compensatory mechanism
the kidneys in trying to conserve sodium allow a net loss of potassium. If these
dual electrolyte losses are not replaced with normal saline, but only a fluid
containing 30mmol.1 ~' then a state of hyponatraemla will develop acutely
The extent of the severe electrolyte losses seen in this case is reflected in the

very low level of serum magnesium.
5. There is no doubt that Rachel suffered severe and prolonged vomiting. In my

opinion there should have been fluid supplements administered, probably as
early as 1030 on 8th June after the large vomit. It would also have been very
prudent to check the electrolytes in the evening of that day, as the vomiting
had not settled down by that stage. It is very uncomfortable, but with
prolonged and severe vomiting after an abdominal operation, a nasogastric
tube to drain the stomach and allow the gastric losses to be accurately
quantified should have been passed. There is no evidence of any attempt to
measure the gastrointestinal losses or the urine output — both essential for

correct fluid therapy.
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6. By the late evening of the 8™ June, Rachel had become extremely
hyponatraemic, hypokalaemic and hypomagnesaemic. Hyponatraemla 1S
usually defined as a serum sodium of less than 128mmol. 1 = so the levels
found in Rachel were very low indeed and the changes from the normal values
found preoperatively had occurred very quickly.

7. The brain is very sensitive indeed to acute changes in serum sodium levels and
cerebral oedema from hyponatraemia with catastrophic consequences 1s very
well documented in the medical literature. Although the skull is a rigid
structure,as the brain swells, the intracranial pressure does not rise at once
because CSF and blood are displaced from the cranium, but when this
mechanism cannot cope, then the pressure rises rapidly and the brain is forced
down into the foramen magnum — a situation known as “coning”. At this stage
there would be seizures and vomiting with the rise in intracramal pressure
followed by changes to the pupils and loss of consciousness. Brain death
follows if steps to reduce the cerebral swelling are not taken immediately as

the intracranial pressure exceeds that of the blood supply. Rachel’s clinical

course vividly illustrates this.

To conclude and summarize, I believe that Rachel died from acute cerebral oedema
leading to coning as a result of hyponatraemia. I believe that the state of

~  hyponatraecmia was caused by a combination of inadequate electrolyte replacement in

the face of severe postoperative vomiting and the water retention always seen
postoperatively from inappropriate secretion of ADH.
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" Ytoperative hyponatraemic encephalopathy
following elective surgery in children

ALLEN I. ARIEFF sip

Departiment of Medicine, Uum rsity of Caftfornin School of Medicine,

Sun- Francisco, CA, USA

Introduction

[n the United States, there are an estimated 15000
deaths per vear as a consequence ot postoperative
hvponatracmia (1) (Figure 1). There have been a
number ot recent studies which have described
postoperative hvponatraemic encephalopathy with
death or permanent brain damage (2-6). From these
studics. it appears that brain damage associated with
postoperatne  hyponatraemic encephalopathy
primarilv attects menstruant women (1) and
prepubertal children ().

Postoperatice nyponatracmic encephalopatiny
in prepabertal childrey

There are multiple reports of prepubertal children
brain - damace  from postoperative
h\. plm...t:.u mu.. t‘l'lu.]:‘lm]up..ll‘l'l\ (-4, The ‘_mtmlmr\
ok lhu hy’ nunatr,.:tt.'ml..l usually invoiy es a combination

r".' 3 rf' , *‘1’:‘ b -
FEI] m;r..lu nuuw h\ ponatracmic rhuids: by clevated
' -"'* "}.“fjt?% ..... FJ..:"‘...*
PR

"‘l.lrll.. 11[1“?

ltmmrum hormone (ALY O respiratory
wye sdsecondary to hyvponatracmic
v!patlu ll: has been demonstrated in several
| . : at [."'I.J*-m..'l levels  of ADH (v ..1-upru--~m
%I tie l(gi{“ﬁ“tu horimones are elevated in irtualiy every
éfr”w mtuper.ihw child (7.10-13). It such patients are
ir:’?‘ ;,l\ un mtrm cnous free water (any solution with o
mdmm concentration below 40 mmold ), there will
7..1]1.\ avs  be o tendency towards postoperative
hyvponatracmia (14). When compared with other
aroups, prepubertal children are tar more susceptibic
to crain damage trom hvponatracmia than are adults
(6), and recent experimental evidence demonstrates

Wiy this mav be the casc. |
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Effects of hyponatraemia on the paediatric
central nervous system

Nattie & Edwards (15) studied the efttects of acute
hvponatraemia on the brain of puppies. They round
that acute lowering of plasma sodium trom 140 0
120 mmol-l ' resulted in severe hypoxaemia (arterial
PO, ftell from 11.4-6.9kPa (88 to 33 mmHg)) and
cerebral vedema. In contrast to adults, the brains
ot pacdiatric animals (three dav old puppies and
neonatal rats) were unablie to adapt to hvpo-osmotic
<tress by oestrusion of cation (13,16).

Adaptation ot the brain to hyponatraemia occurs
as a consequence of the following sequence of events.
First, hvponatracmia leads to a movement of water
nto brain cells as a result of osmotic forces. in
addition, vasopressin which s usually elevated
the plasma of hyponatraemic patrents i1 miay ead
toa direct movement ot water into bram celis
mdependent of the eftects o lwpm*i..ltr.:iumin LIS,
The carty responsc ot the brain to this avpenatracnia-
medidicd  ovdema 1S e oSS Or‘ Do N
cercbrospinal fluid, followed by entrusion of sodium
trom brain cells by several pathwavs (19). Loss of
potassium and possiblv organic osmonfes foilow s
later. in an attempt to dureaw brain cell osmolality
without a zain of water (20).

Ettects of hormones and pliysical factors on
brain adaptation to iyponatracnia

There 12 a signiticantly higher intracelluiar brain
water content in prepubcertal rats in comparison with
adult rats, sugeesting that the bram occupies a greater
porcent of the available intracranial volume in youny
rats (lo). such physical factors mav be important
determinants ot outcome in hvponatraenuc rats. As
individuals age. there is a progressive decline in the
volume ot brain, while skull size remains constant
in adult fife (21). Thus, elderlv individuals of both

TR AL T A
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Figure 1

In nine published serics frony our laboraton COMprising N4
hl‘i:-ipitﬂ“Zt‘L‘l patients  with pPosioperative Iu'pnn.}tr.u-:ni,ll [ ere.

(138 "847) developed hyvponatremic encephalopathy and 11
developed permanent brain damave or dicd. The maor risk factors
dasodiatead with pernzanen: eaie Ganiige i g 1T Paients
with hvponatracmic cncephaiorathy are shown, Most patients
(et sutfered an hvpoue cpisode Decause of failure fo initis..

active therapy i o timelv manner, It 450 of patients =aficrine
prrmanent bram damage imprene: therapy for huporarraemi

was imphcated in the owtcome

genders have more room in the rgid skull tor the
brain to expand than do vounger ones. This finding
1$ more marked in males (21). ,

lf adaptation of the brain is not adequate, pressure
of the swollen brain on the rigid skull leads to a
decrease in cercbral blood flow (22) and cerebrospinal
fluid production (23). If the ability of the brain to
adapt is impaired, there wvill be Increasing oedema,
with eventual tentorial herniation and secondary
cerebral ischaemia (24). This often leads to respiratory
insufficiency (4), with reduced delivery of oxvgen to
brain because of the further decrease of cerebral
blood flow, thereby exacerbating the existing cerebral
1schaemia (22).

Sex steroid and certain neuropeptide hormones mav
influence brain adaptation to hyponatraemia. Male
rabbits and cats are more efficient than females in
extruding sodium to decrease brain cell osmolality
during hvponatraemia, resulting in significantly less
brain swelling in male than in female hyponatraemic
arumals (16,25). Oestrogens have also been reported
to stimulate, and androgens to suppress, vasopressin
release (26,27). Virtuallv all hyponatraemic patients
have increased plasma levels of vasopressin (17,28), a
neuropeptide which may exert multiple potentially
deleterious cerebral effects. In normonatraemic
animals vasopressin results in water accumulation in

RF - ROYAL
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the brain (18), a sienificant decline inbrain S}fﬂthti‘ﬁi:'% Of
ATP(29).and adecline otbrain pH (29,30). Vasopressin
alseimpairs the tunction: of - several important
adaptive pathwavs to hvponatracmia (31,32).

Recent studies have demonstrated that the brains of
prepubertal rats are unable to adapt to hvponatracmia
(for The greater mortalitv with hyvponatracmia in
prepubertal rats s associated with a greater
accumulation of water in the intracellular space of the
bramn than in rats belonging to other age aroups, as well
asarnmabilityv ot the prepubertal brain to extrude sodium
trom brain cells. The bascline intracellular sodium
content in the prepubertal rats was greater by almost
ST than i control adult rat-. o finding consistent with

previous studies in newborn doges (13,33).

Biochenncal ditterences in pacdiatric vs adult
Diaiir wCith lyponatraentio

There are several possible reasons for the increased
brain intracellulor sodium in prepubertal rats. The
Na -KN o ATPase svstem appears to be the major carly
adaptive pathwav for extrusion of sodium from brain
cetlduring hvponatracmia  (19.34)  and  its
impairrment results i decreased  ability to pump
sodium out of the brain. In prepubertal rats, the brain
Na =K ATDPase activity is significantly lower than
that observed in adults, both i crtre (33) and in vive
(36). Coupled with the higher brain sodium, these
ditferences mayv reflect a limited ability to pump
sodium out ot the prépubertal brain. The increased
intracellular sodium content may be a consequence
of limited cerebral Na“-K " ATPase function in voung,
rats compared to adults. The decreased cerebral Na - -
K= ATPase activity mav be responsible for the
impaired adaptation to hvponatraemia in prepubertal
rats. Testosterone stimulates Na'-K* ATPase activity
In rat brain (37,38). Pretreatment of prepubertal rats
with testosterone resulted in a significant decrease
In the brain intracellular content of both sodium and
water while also reducing the mortalitv associated
with acute hyponatraemia from 84° to zero (16).

Clinical effects of hyponatracmia in

o children vs adults

It one can extrapolate the above experimental
findings to paediatric patients, then the implications
would be that children are more susceptible to brain
damage from postoperative hvponatraemia than are

-«

adults. The reasons include: a) decreased available

¢ 1998 Blackwell Science Lid, Paedhtrir.064_030'097
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room for swelling of the paediatric brain in the rigid
skull, "q’ng to a propensity for brain hernjation
wit'  nhat might appear to be a small decrement
of pusma sodium (39); b) impaired ability of the
paediatric brain to adapt to hyponatraemia when
compared with adults (15,37); ¢) severe svstemic
hypoxaemia secondary to respiratory insufficiency

frequently occurs in children with only modest

hyponatraemia (6,15,39). The
insutficiency is a consequence
intracranial pressure (3).
Gomola ¢t al. have described 2 prepubertal (10
vears old) temale child with middle face hypoplasia
who underwent elective maxillary reconstruction
(40). The surgery went well and postoperatively,
she was given primarilv free water Intravenously
(280 mM glucose in 51 mM NaCl) at a rate of 21 per
day. The child weighed 30 kg with estimated total
1y water of 18.51. On the first postoperative day,
e child became contused and developed headache
1d-vomiting. Renal function was apparently normal
on the basis of normal plasma urea and creatinine.
The plasma sodium was found to be 117 mmol|-".
She  was  initiallv  treated  with  sodium
supplementation, but on the second post-operative
day, the plasma sodium was still low at 120 mmol-] *.
The urine and plasma osmolalities were 342 and
255 mOsm-kg . An MRI of the brain was normal
he authors proposed three possible explanations
tor the hyponatraemia: a) dilutional hyvponatraemia
secondary  to IV hvpotonic fluid:  b) pituitarv
insutticiency; ¢) inappropriate secretion of ADH.
s Lituitary ?;ﬁgtfutnm was ruled out bv normal

L
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ga¥atues: for L TH, cortisol, thvroid hormone and
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molality (41) and is essentiallv a

ssfifding in both paediatric and  adult
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wffT2 daviof “hypotonic 1V fluid in the presence of

;iltEd ~plasma ADH. Although neither initial
ﬁia ii‘la'sodiu_m, urine output or total volume of IV
Mluids are provided, given the child’s weight and
rate of infusion, the plasma sodium of 117 mmol-l
appears very likely to have been the consequence of
retention of about 31 of IV hyvpotonic fluid over two
days (6). The expression inappropriate secretion of
ADS (SIADH) was originally used for elevated
Plasma ADH related to lung cancer (42) and has
become a catch all term for virtually any patient with
elevated plasma ADH. In particular, postoperative

Patients as well as those with heart failure or hepatic

© 1998 Blackwell Science Ltd, Pacdiatric Anacsthesia, 8. 1—

t" inappropriately high for the

N

cirrhosis have elevated plasma ADH levels but are
tunctionally hypovolaemic as well (41). Postoperative
subjects are functionally hypovolaemic, so that the
term SLADH may not be appropriate in this patient
(11). There is also a perception that ADH, and by
association SIADH, can somehow lower the plasma
sodium. Although ADH leads to increased retention
of ingested or infused water, in the absence of
Increased water intake, ADH by itself will have no
eftect upon the plasma sodium. Thus, the most likely
explanation for the hyponatraemia in this patient is
Intusion of hypotonic fluid (51 mM NaCl/280 mM
glucose) in the presence of the expected postoperative
Increase in plasma ADH. Adrenal Insutficiency is
ruled out by the normal plasma cortisol and the fact
that she remained normal for six months without
any steroid replacement therapy. Exactly why the
plasma sodium rose following IV hydrocortisone is
uncertain, but may have been related to the expected
decline of ADH values to normal after four to five
postoperative days. Pituitary insufficiency is ruled
out by normal values for ACTH, IGF1 and growth

hormone.
Symptomatic postoperative hyponatraemia carries
a mortalitv of atleast 15, (43), particularly in children
and respiratory arrest is a frequent occurrence, but
once this complicaion occurs, the morbiditv is
substantial (6,7). There is no obvious rationale for the
administration of hyvpotonic fluid to a postoperative
patient, unless the individual is hvpernatraemic (14).
It the patient becomes svmptomatic, therapy with
hvpertonic NaCl is indicated {29). The syndrome can
be prevented by administraton of primarily isotonic

Huids to postoperative patients.
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This chapter aims to cover the basics of fluid Bodv water 15 conventionally divided mto k

balance. It 1s loosely divided into four sections. three compartments: mtracellular, extracellular ;
g

The first outhines fluid physiology. The use of  und trunscellular. In adults 60%% of water is
crvstaiiond muamtenance Juids is dealt with in intracellular., 10%e transceilutar and 30% extra-
tie second. The third secuon deuls with colloids cellutar. ot which 7.3%, s intravasculur.
and touches on the ervstatloidicolloid debute for  Although it is well recognized that disease

volume repliacement. The fnal part covers the  states may affect the distribution of water in

3
..!'\.rr.l

ase of blood and s components in puediatric the body. it s fess well known that age will also
anaesthesit. mfuence 1t. Extraceliular water decreuases from

60" 1na 20-week ftetus 10 437, at terim and falls

a further 3%, in the first 3 davs of life.! Adult

levels are reached by the end of the second vear
- ot lite. |

FLUID PHYSIOLOCQCY

THE STARLING EQUATION = = :

| _, The extracellular compartment is further sub- ;
TOTAL BODY WATER AND FLUID divided into the interstiial and intravascular 3
BALANCE spaces. with the interstitial space being three

and a half tmes larger than the intravascular.”
Fluld Aux between the two was first described
by Starling. who noted that the rate of fluid
movement into or out of a capillary was related
to the net hvdrostatic pressure minus the net
osmotic pressure.” The Starling equation:”

Total body waler varies with degree of adiposity
(90" s of muscle weight 1s water vs 10% of fat).
disease state and age. Ninetv-four per cent of
the body weight of a 12-week fetus is water and
this falls 1o 80% by 32 weeks' gestation and
78% by term. There 1s a further reduction of
about 3% in the first week of life. followed by u ;

gradual fall to adult levels of 50-60% by 18 S = Kl Pe = P) = belme = )|
months of age.’ where J, = rate of fluild movement into/out of
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234 Fluid balance: alf aspects

capillarv: K. = capillary filtration coefficient:
P. = capillary hvdrostatic pressure: P, = ussue
fluld hydrostatic pressure: ¢ = reflection
coefhcient: 7, = capillary colloid osmotic
preéssure: 7, = ussue colloid osmotic pressure.
has been further modified to Incorporate
coefficients which represent the permeabilty of
the capillary membrane to small solutes (A}
and the reflection coefficient which describes the
membrane’s ability 10 prevent large molecules
such as plasma proteins from crossing it: the
Starling coefficient (sc).” If sc is 1. then a fluid
can realize its full osmotic pressure: if sc for u
membriane i1s 0 then fluids wil] pass freely across
It and no pressure will be exerted. The
coefficients vary bewmween different organs of
the body and are altered by disease. Burns.
sepsis and cardiopulmonary bypass. in partcu-
lar. reduce sc. resulting in capillaries which are
Increasingiyv ‘leuky'. This has two effects: 1t
allows water to leak out causing ussue ocdemat
and 1t allows osmoticallv active particles 10
escape nte the interstitial space. If sc then
Increases again. these particles will remain in the
mierstitial space. INCreasing its OSmOLic-pressure
and altering the balance of the Starling equation

until they can be removed by the lymphatic

system.

Most of the components of the Starling
equauon can be measured only with difficulty
in the laboratory bui the intravascular osmotic
pressure and the capillarv hvdrostatic pressure
can be measured clinically.*” Guvton er al.
describe certain ‘oedema protection factors'.
such as increased lvmphatic fiow. which prevent
the accumulation of oedema until the capillary
hvdrostatic pressure has increased by more than
|5 mmHg." This is supported clinically by the
observation that in the absence of pulmonary
capillary damage. the left atrigl pressure (equiv-
alent to hyvdrostatic pressure) must be Increased
to 13-20 mmHg before pulmonary oedema is
seen.

One of the main differences between the fluid
balance of adults and infants is the relativelv
large water turnover in the infant. The water
contained within the extracellular space of a
70 kg man 1s about 14 1. Just under 3 | day™' is
lost 1n urine, faeces. sweat and during respir-

ation (20%). In a 7 kg infant. the extracellular—

space contains about 1.6 1 and obhigatory losses
are around 0.7 day™ (44%).” Any relatively
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small 1ncrease in Josses will therefore have 2
much greater effect on a small child and this
explains why diarrhoea remains such an im-
portant cause of infunt mortality world-wide.

MAINTENANCE
CRYSTALLOID
REQUIREMENTS

MAINTENANCE WATER REQUIREMENTS

Although there are numerous formulac for
calcutating maintenance fluid requirements. it
IS Important 1o stress  that  these are  al)
gudelines oniv. They may be used as @ starting
point but the individual child’s response 1o the
flnd given must be monitored and appropriate
adjustments made 10 the regimen.

The formulae available for calculatine fiuid
requirement have as their basis body surfuce
area (BSA). calorie requirement and the welght

of the child.

Body surface area

Various nomograms are published which calcu-
late BSA from height and weight. In older
children the cialculation of BSA is refatively easy
and accurate because it is possible to obtain an
accurate height. Measurements of the length of
a neonate or small infant are not as reliable and
errors of up to 20% in BSA are well recognized
In babies less than 3 kg.” Because the height;
length measurement is inaccurate. most centres
now use a formula based on weight alone to
calculate fluid requirement and the use of BSA

has fallen from favour. '’

Calorie requirements

The metabolism of | calorie requires | ml of
water because. although 0.2 m! of water is
produced. a further 1.2 ml is consumed. There-
fore. 100 calories will require 100 m] of water
for metabolism and knowing the calorie require-
ment of a child will also reveal the water
requirement.'' In 1911 Howland calculated the
calorie requirement of an infant from 3-10 ke
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tn uve 100 cal kg™', with older children needing

~and adults 35 cal kg™'. The extra calories
metabolized by the vounger children he attrib-
uted to E)I‘OpOI‘[lOHd”V Iarcrer surface area and
growth.'= In infants of less than 10 kg bodyv
weight. 30 cal ke™' will be needed for basal
metabolic requirements and the rest for growth.
Children of less than 20 kg bodyv uewht need
1000 calories for the first 10 ke but only
50 cal kg™
slower growth rate..and larger children and
adults need onlv three times the calories of a
neonite (INOO calories ror the frst 20 kg and
20 cal kg~ thereafter). '

Normal maintenance fluid
requirements calculated by weight

“Whatever mechanism is used to calculate fluid

requirements. it must be simple and loolproot'

because small miscalcuiations can  result in
signtficant errors in fluids administered. [t has
dlready been said that 100 calories requires
100 ml of water. A 23 kg child. therefore.
requires 100 ml kg™ for the FHrst 10 Ng
(1000 mD. 30 mike™" tor the next 10 Ky
(300 mD) and 20 ml kg ' thereatter (100 mh

making a total of 1600 ml per dav or hﬁ ml h-
s can be simpliied by assuming thar there
are 25 h in a dav. The child then needs
‘4 ml kg 'h™' for the frst 10 kg (40 m,

2 ml kﬂ"' h"l tor the next 10 kg 120 mi) and
lml kﬂ' "'h 7 thereatter (3 ml). JIVING  an
hourly total of 65 ml. which can be mmpuwd
at the bedside without a calculator.

Neonates have areater Huid requirements
than mfants. As a general rule. most neonatal
umt:. allow 60 ml ke™' for the first dayv.
increasing by 30 ml kg™ dav=! 10 130 ml kg ™!
for a term neonate and 180 m]~! ke ! d; av™' for
a-preterm. This requirement will be affected by

Table 8.1 Normal maintenance fluid requirements

Weight (kg) Maintenance fluid
requirement
(cumulative values)
(ml kg™' dav™")

for the next 10 Keg because of

< 10 100

11-20 50
> 2 20

RF - ROYAL

environment (overhead heaters increase water
loss compared with incubators), by whether the
baby 1s ventilated (when there will be 21
humidifier in the circuit) and by the general
state of the neonate. A premature babyv with a
patent ductus arteriosus may close the duct in
response to fluid restriction and this may avoid
the need for more aggressive management.

Dextrose requirements

[n the UK. intravenous dextrose infusions are
usually supplied as 4°%. 5%, 10% and 20%
strengths. In addition. 50% dextrose is available
for munagement of hypoglycauemia.  Most
infants and children require 4°% or 3% dextrose.
A recent study from Germanv. however.
suggests that when these infusions are given
pemperamelv children may become hyperglv-

caemic with dextrose concentrations as low uas
2.3% although these were administered at large
volumes equivalent to 200 mi kg™ d:.l}f'l.b“
Neonates have poor glvecogen stores and require
higher glucose infusions to maintain their blood
alucose levels. The majoritv of neonates. there-
tore. are rraditionally managed using infusions
of 10%a dextrose which can be given through a
peripheral cannula. Sick neonates on the inten-
sive care unit. puarticalarly in the presence of
sepsis. may require higher infusions than this.
Such patients mav also need fluid restriction
and 1t 1s not uncommon for small septic babies
to need 20%, infusions of dextrose. A neonate
who cannot be ted enterallv for more than a
couple of days will require parenteral hvper-
alimentation rather than simple dextrose saline
solunons.: Hyperglvcuemia can develop in re-
sponse to stress. Both hvpoglveaemia and
hyperglycaemia can occur and blood sugar
levels should be regularly monitored.

Electrolyte requirements

Electrolvte requirements vary with prematurity.
losses and disease states. There is some debate
a4s to whether a neonate needs sodium on the
hrst day of iife. Some units use a dextrose
solution  without added electrolvies. whilst
others add sodium. potassium and calcium.
particularly for premature infants. Preterm
breast milk contains higher concentrations of
sodium. calcium and phosphorus for the tirst 2--
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Iyte composition are ajsa available. As a guide
for prescrlt])mg. most children require -
> mmol kg™ of sodium and 2 mmol ke™' of

are avallable as dextrose (4%, or 10%) and
0.18% saline (i.e. containing 30 mmol 17'). For
mMOost patients. a readv-made bag of fluid will
provide their electrolyte needs. In some
Instances. additional sodium will be required.
This can be added 1o 2 standard bag using
strong sodium (30%: 3000 mmo! 7" solution.
07 vormal saline (0.9%: 130 mmol 1°') or half
Normal saline (0.43%: 75 mmo! I™") cun be
used 1n its place.

The amount of sodium  adminisicred 1o
NCondics  1n the immediate postoperatinve
period needs to be monitored. Krummel ¢1 o/
Studied 20 surgical newborns and found that
hypernatraemia occurred In 64% of term babjes
and 67% of preterms. In all cases this appeared.
to be due predominantly to an adminisiered
sodium load of more than 400% of the
estimated maintenance requirements. This was
compounded by a shightly reduced ability 10
€xcrete sodium and a short period of posi-
operative sodium retention '

SPECIAL REQUIREMENTS

Gastrointesting] losses

Gastrointestinal surgery 1s relativelv common in
small infants. Ileus may also occur in a sjck
chiid: therefore. gastrointestinal losses are of
Importance. Nasogastric aspirates should be

per 500 ml. This sodium load allows the
patent’s kidnevs to correct the hvdrogen deficit
incurred by the loss of gastric secretions. Stoma
losses may also need o0 be replaced. High
stomas 1n particular may be associated with
significant sodium Josses leading to as much a 6-
fold increase in sodjum requirements. Losses of
more than 40 m] kg™ day~!
require parenteral replacement using the same
solution of normal saline with 10 mmol potass-
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ium per 500 ml. Usuallv. 0.5 ml s replaced for
every | ml losi but. depending on the volume of
losses and the site of the sioma. anvthing from
one-third 1o three-quarter replacement mayv be
required. Children who have ileus. either from
gustrointestinal surgerv and pathology or sec-
ondiary to another cause. can secrele  large
amounts of fluid within the cul and peritonea]
cavity. Babies with abdominal distension due to
Hirschsprung's disease (colonic aganghonosts)
may be intravascularly depleted in the presence
of steadyv weight or even werght gain and such
patients may need intravascular volume repla-
cement despiie normal indices.

Pyloric stenosis

Hypertrophic pvloric stenosis s 4 common
condition with an incidence of about 1 : 200,
All babies with this condition vomit and will
requIre Preoperative intravenous Auids. About
M of patients will have = significant derange-
ment of their electrolvies and acid: base status
as a result of vomiting. The most usely]
electrolvie 10 gauge the seriousness of the
metabolic upset is chioride. which can be used
te caleulate the chloride deficit and this must
often be specifically requested as it is no ionger
performed routinely in most hospitals. While
the serum chioride remuains low. the infant will
be alkalotic.!~ The vomiting of HCI. together
with the kidnev's allempts to conserve sodium.
results in a metabolic alkalosis and a depletion
of total bodv potassium. Because potassium is
an ntracellular ion. the serum potassium is g
poor guide 10 potassium requirements and will
usually: be within the normal range.

To correct the metaboljc alkalosis. the infant
must be given sufficient sodium and potassium
so that the kidnevs can conserve hvdrogen ions
and correct the acid: base status. Chloride is
4lso given as the anion to both sodium and
potassium. Most babies with mild derangement
(sodium bicarbonate < 335 mmol} will be
corrected within 24 h using a solution of 3%
dextrose plus 0.43% saline with 15 mmol of
potassium chloride per 3500 mi bag at 130-
180 ml kg™ day™. In extreme cases, normal
saline (or 4.5% albumin which contains
150 mmol NaCl1~™') may be required and 2-
3 days of parenteral flujds may be needed
preoperatively. It is also important to remember
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that an gastric distension results in more
gastric  jces bemng secreted and lost. A wide-
be usogastric tube should be left on free
dr.. «ge with regular uspirations and any
nasogastric losses should be replaced millilitre
for millilitre with normual saline with added
potassium (10 mmol in 309 ml).

Posterior urethral valves

Posterior urethral valves cuause 1 con: aenital
obstruction ol the male posterior urethra and
affected infants may also have a degree of renal
dvsplasta. Nowadays. the condition is increas-
ingly diagnosed antenatally and most other
children present within the first month of life
The mual management of a neonate with valves
1S to catheterize the patient and then confirm the
diagnosts by cystogram and or cvstoscopy.
Surgerv consists of valve ablation via  the
sstoscope. A osignificant number of  these
addren wall have renal impairment which may
be fong-term. and almost all have a diuresis in
response to catheterization and reliet of the
obstruction. Urine output must be closelv
monitored n these patients and their fAuid
intake will be based on their creatinine and
their output. Most of these babies are well
enough to receive oral feeds but will also mqmle
p...ln.ﬂfu..a-..ll supplementary tluids 10 Keep up with
urmary losses. This diuretic phuase can iast tor
between 24 h and a couple of weeks. Ag0In
empliasizing that strict criteria cannot be laid
down tor neonutal Auid infusions.

Congenital diaphragmatic hernia

The fHuid handling ot a neonate with congenital
diaphragmatic hernia merits special menuon.
There appears to be onlv a nurrow path between
hypovolaemia and fuid oxerloild either of

uch may have catastrophic etfects resulting
N a worsening spiral of actdosis and h\poml
Rowe e¢r «f. studied the urine output and
osmolarity of both urine and serum in 22
infants with diaphragmautic hernia vs 12 control
tnfants undergoing laparotomy tor some other
reason. Theyv found that although all controls
responded appropriately. 64%% of the draphrag-
Mauc hernia group inappropriately retained
uid in the first 16 h after surgerv and one-
third still had an INappropriate urine output

24 h after sureerv.'® Fluid management of these
children mvolves strict crvstalloid restrictions
(30 ml kg™' day ™' for the first 24 h) and colloid
boluses to maintain normovolaemia. Close

monitoring of urine output and serum and
urine osmolarity will help in the management.

Phototherapy

Neonatal “physiological” jaundice is relatively
common and 1s worsened by dehvdration. Some
neonates with a rising unconjugated hyperbili-
rubinaemia can be managed simply by liberal-
1zing their Huids. This muyv need to be via a
nasogastric tube or parenterally as the jaundice
tends to make the babv sleepy and therefore less
able to feed. which compounds the problem. If
photothempv 1S required. environmental water
loss 15 mereased significantly and an extra 28§
ml kg™" duy ™! should be added to the fluids to

COIT‘lpel‘lbdlL .

Effects of surgery

[n 1963 Rewd showed in adult pauents that duid
accumulaton occurred in the earlv postopera-
tive phase and that this occurred entirelv within
the extravascular space. There was no change in
the mtravascular velume even when hr_ﬂe Huid
mereases wers seen  extravascularlv. Seven
vears cuartier. Shires ¢r /. had studied fuid
shifts peroperatively and noted an acute con-
traction of the tuncuonal extracellulur Huid
which, 1 the absence of biood loss. they
presumed to be due to internal redistribution.
They noted that the magnitude of the internal
redistribution was related to the degree of
surgical trauma and parucularly to the duration
and degree of retraction. Thev concluded that
this was a major sumulus to the fluild and

sodium retention seen postoperativelv.' Cer-
tainly. atter major abdominal surgerv- there 1S d
fall in the serum sodium and evidence of fluid
retention  with  periorbital  and  dependent
ocdema. which can be reduced by -restricting
Huids for the first 24-48 h following surgerv.
Following mmor procedures patients are
allowed their full maintenance fluids. but after
anv major surgery their intake i1s reduced 1o
50% ot requirements for the first postoperative
day. and it additional Auid 1s required 1t may be
better 1o be given as colloid.

—— Maintenance crysrafw :
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Sepsis

Hyponatraemia in sepsis 1s well recognized and
1S associated with a worse prognosis. Hannon
and Boston looked at fluid and ion redistribu-
uon In an animal mode] of sepsis and found
significant shifts of sodjum. chloride and water
1nte cells compared with sham controls.'” Thev
found this trend to be exacerbated by infusing
2% dextrose compared with normal saline with
fuid shifts occurring when the volume infused
was less than the estimated fluid requirement.
> suggested that the hvponatraemia and
plasma hypo-osmolalitv  were caused bv
combination of intracellular shift of sodium
and water. and a dilution of (he extraceltular
space. probablyv caused by physiological anti-
diuretic hormone (ADH) secretion. Their con-
ctusion was that. in the presence of sepsis. 4¢,
dextrose + 0.18°, sodium chloride is inap-
propriate. potentialiv duangerous and should be
avorded.

Burns (see also Chapter 15)

Significant burns cause large fluid losses and
burns patients require large volumes of fluid
resuscitation. In addition to norma! mainten-
ance fluids. such patients need resuscitation
fluid administered as Normal saline. Ringer’s
solution or Gelofusine® given over at least the
first 36 h after injury. The 36 h are divided INto
s1x periods: three of 4 h. two of 6 h and one of
12 °h. The timing starts from the moment of
Injury so that the first infusion 1S Inevitably
delayed. During each Period the child needs an
average of 0.5 ml kg™" per % burn. The precise
volume given is adjusted on the basis of urine
output. unine and plasma osmolality. perfusion
and the calculated plasma deficit This can be
calculated from the formula:

plasma deficit = blood volume

— (blood volume

normal haematocrit
observed haematocrit

Deep burns result in red cel] destruction and the

usual blood requirement is of 1% of normal

blood volume per 1% burn for deep burns of
more than 10% surface area Because the
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hiaematocrit is a useful guide to the plasma
dehcit. blood is usually best administered during
the last 12 h of fluid resuscitation.-"

Clinical assessment of dehydration

Although thirst appears with the Joss of
approximmately 2% of total bodv water, the
State of the peripheral circulation is the most
sensitive guide 1o more serious levels of chnical
dehyvdration in children. Core-peripheral tem-
perature difference becomes chimecally detectuable
und mucous membranes dry at around 3%o loss
ol total body waier. With 10%, dehvdration the
peripheries are coid and capillary refill. nor-
maliy complete within 2 s, is delaved. Pulse and
FESPITALOTY Tlles InCreuse. consciousness n \ be
clouded. and in the neonate the fontanelje 1S
sunken. Blood pressure mav fall. although
pecatise of the increased cardiace OUIPUL Caused
by the tuchycardii this is not an ciarly or rehiable
signi. Lrme  output is  decreased.  Aj 5%,
dehydration capillary refil] may be imcomplete
even atter 10 s. the mouth is parched and the
eves are sunken. The pulse is rapid and thready
and blood pressure low. The child is stuporose
and ohguric. and mayv show signs of respiratory
distress. Losses in excess of 20, may be fatal.

-
COLLOIDS

— e

THE CRYSTALLOID VERSUS COLLOID
DEBATE

The superioritv of colloid over crystalloid for
volume replacement remains controversja] 2!+
Whilst crystalioids are generally more populdr
in the USA. colloids are preferred in Europe.=
The debate centres on which fluid space needs
replenishing and the importance or otherwise of
colloid osmotic pressure.

Colloids  theoretically remain  within the
Intravascular space. therefore expanding the
intravascular volume more efficiently. produ-
cing the same increase in cardjac output for a
smaller volume of fluid. The proponents of
crystalloid argue that the whole extraceliular
fluid space is reduced in hypovolaemia because
of fluid movement from the interstitial compart-
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ur }one a crculating volume transfusion of

t ells. In babies and infants. a transtusion
- — - - . .
vi 3=10mlke™" 1s usually sufficient. whilst

unit transfusions are dppropriate in older

patients.

FRESH-FROZEN PLASMA AND
CRYOPRECIPITATE

FEP contains 1 unit of factor activity per
mulihtre of plasma. A decision to use FFP or
crvoprecipitate should be based on a combi-
nation ot clinical and laboratory hndings. An
INT of less than 1.4 or a partiul thromboplastin
time of less than 60 s is unlikelv to cause
significant bleeding problems and correction is
not required. Laboratory values ereater than
these levels or significant bleeding will require
correction. An empiric dose of 5—10 m] kg™ s
usually adequate or the dose can be calculated
by body weight. plasma volume and desired
increment ol clotting factors.

Cryoprecipitate is a poor source of tuctors ([
Vo IXO X0 XT and XIT but contains factors
VT C. VIHIVWE. XII1. fibrinogen and fibro-
necun. [ndications for its use include haemo-
philia. A, von Willebrund disease. nbrinogen
deficiency. massive transtusion and  uriemic

platelet dystunction. Its udvantage over FEP i

that 1t i1s concentruted and one bag (ol
13=-20 mD 15 the dose per 10 kg bodyv werght.

SPECIAL SITUATIONS

Jehovah’s witnesses

The Roval College ot Surgeons of England huve
produced a code of practice for the Surgic:l
management ot Jehovah's Witnesses. This
acknowledges that the children of Jehovah's
Witnesses requiring blood transfusion present i
most ditficult managemert problem.™ There are
S0me mitigating factors. however. Either parent
may sign a consent form permitting a transtu-
SI0n. - Most  operations on  children do not
require or involve blood transtusion. but it is
unethical to let a child die for want of a blood
transfusion. The surgeon and anaesthetist must.
however. respect the beliefs of the family and
should make every effort to avoid the perio-
Perative use of blood or blood products. For

——————
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children under 13 years of age who require or

may require a transfusion but whose parents

refuse to give consent, legal advice should be
sought. Such children will normally be made a
temporary ward of court. This subject is
covered more fully in Chapter 2.

Sickle cell disease

Traditionally, patients with sickle cell disease
have been routinely transfused before elective
surgery. There has. however. been little con-
sensus as to whether simple correction of the
anaemia 1s sufficient or whether the level of HbS
should be reduced to less than 30%%. Vichinsky
¢t ul. compared a conservative regimen (trans-
lusing to ua haemoglobin level of around
10 ¢ dI7") with an dgeressive regimen (haema-
globin of around 10 ¢ dl7" and an HBS jevel of
less thun 30%5). Thev found the conservative
regrmen to be as effective in preventing DErio-
perative complications and this group had half
as many transfusion-ussociated complications.™
Simularly. immediatelv preoperative transfusion
to & haematocrit of more than 36% was as
2thcacious as two-volume exchanges beuinning

- weeks prior to surgery. with less disruption
to the fumilv.™® Patients with HbSS diseuase
should recaive transtusions to correct their
anaenua. . They  should be given adequate
perioperative hyvdration with crvstalloid. Post-
operatively.  they should receive adequate
anulgesia in addition to oxvgen and phvsiother-
apy to prevent atelectasis. For more infor-

mation. see Chapter 1.

CONCLUSION

Flurd management in paediatrics is an art as
well as a science: clinicians need to monitor the
response to therapy and change the regimen
appropnately. This chapter contains guidelines
and suggestions for safe luid administration but
cannot replace chinical experience.
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