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Preface

Were it not for the textbook Clinical Chemistry in Diagnosis and Treatment by Joan Zilva and Peter Pannall, I would
not be a chemical pathologist. As a medical student, I was so struck by its clarity, depth and clinical relevance that
I decided that theirs was the medical field I wished to work in.

Over the years, the field of clinical biochemistry has changed radically. Confusingly, there is no consensus
on the name for this field of medicine, which is known variously as clinical chemistry, chemical pathology or
clinical biochemistry, to name but a few. Additionally, the field now overlaps with that of metabolic medicine, a
clinical specialty involved with the management and treatment of patients with disorders of metabolism. Clinical
biochemistry laboratories have become further automated, molecular biology technologies have entered the
diagnostic arena, and chemical pathologists have become more clinically orientated towards running out-patient
clinics for a variety of biochemical disturbances. This book aims to address these new changes. Indeed, it is difficult
to imagine a branch of medicine that does not at some time require clinical biochemistry tests, which may not be
too surprising, given the fact that every body cell is composed of chemicals!

Unfortunately, there have been some difficulties in recent times, with a relative shortage of graduates entering
the specialty, which has not been helped by some people’s attitude that clinical biochemistry is merely a laboratory
factory churning out results that anyone can interpret. There are also concerns that medical student clinical
biochemistry teaching may become ‘diluted” as part of an expanding curriculum. It is hoped that this book will
excite a new generation to enter this fascinating and essential field, as well as benefit patients as their doctors learn
more about their biochemical and metabolic problems.

I am most grateful to Dr Sethsiri Wijeratne, Dr Alam Garrib (particularly for molecular biology expertise) and
Dr Paul Eldridge for constructive criticism of the text. I am also grateful to Professor Philip Mayne for his earlier
contributions and the anonymous medical student reviewer(s) who commented on the text. The book has also
greatly benefited from the wise, helpful and experienced input of Dr Andrew Day — many thanks. Although every
effort has been made to avoid inaccuracies and errors, it is almost inevitable that some may still be present, and
feedback from readers is therefore welcome.

Martin Crook
London, 2012

Disclaimer The publishers and author accept no responsibility for errors in the text or misuse of the material
presented. Drugs and their doses should be checked with a pharmacy, and the investigation protocols with an
appropriate clinical laboratory. Dynamic test protocols should be checked with an accredited clinical investigation
unit and may require different instructions in the elderly, children and the obese.
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ACE
ACP
ACR
ACTH

ADH
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AKI
ALA
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ALT

AMC
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ANCA
ANP
APA
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APRT
APUD

ARA
ARB
ARMS

AST

ATPase
ATP

BJP
BMD
BMI
BMR
BNP
BPH

adenosine triphosphate-binding cassette
protein 1

angiotensin-converting enzyme

acid phosphatase

albumin to creatinine ratio
adrenocorticotrophic hormone
(corticotrophin)

antidiuretic hormone (arginine
vasopressin)

accident and emergency (department)
o-fetoprotein

acquired immunodeficiency syndrome
autoimmune insulin syndrome

acute kidney injury
5-aminolaevulinic acid

alkaline phosphatase

alanine aminotransferase (also known
as glutamate pyruvate aminotransferase,
GPT)

arm muscle circumference
antinuclear antibody

antineutrophil cytoplasmic antibody
atrial natriuretic peptide
aldosterone-producing adenoma
apolipoprotein

adenine phosphoribosyl transferase
amine precursor uptake and
decarboxylation

angiotensin II receptor antagonist
angiotensin II receptor blocker
amplification refractory mutation
system

aspartate aminotransferase (also
known as glutamate oxaloacetate
aminotransferase, GOT)

adenosine triphosphatase

adenosine triphosphate

Bence Jones protein

bone mineral density

body mass index

basal metabolic rate

brain natriuretic peptide
benign prostatic hyperplasia

CA
CaE

CAH
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CaSR
CAT
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CD

CEA
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CoA
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CT
Ccv
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2,3-DPG
DDAVP
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DHEAS
DIT
DNA
DPP-4
DVT

ECF
ECG
EDTA
eGFR
ENA
ENT
ERCP

ESR

carbohydrate antigen

calcium excreted per litre of glomerular
filtrate

congenital adrenal hyperplasia

cyclic adenosine monophosphate
calcium-sensing receptor
computerized axial tomography
cortisol-binding globulin (transcortin)
carbonate dehydratase (carbonic
anhydrase)

carcinoembryonic antigen

cholesterol ester transfer protein
creatine kinase

chronic kidney disease

C-type natriuretic peptide

central nervous system

coenzyme A

chronic obstructive pulmonary disease
corticotrophin-releasing hormone
C-reactive protein

cerebrospinal fluid

computerized tomography

coefficient of variation

cystatin C

2,3-diphosphoglycerate
1-desamino-8-p-arginine vasopressin
(desmopressin acetate)
dehydroepiandrosterone
dehydroepiandrosterone sulphate
di-iodotyrosine

deoxyribonucleic acid

dipeptidyl peptidase-4

deep vein thrombosis

extracellular fluid
electrocardiogram
ethylenediamine tetra-acetic acid
estimated glomerular filtration rate
extractable nuclear antigen

ear, nose and throat (department)
endoscopic retrograde
cholangiopancreatography
erythrocyte sedimentation rate
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HIV
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endoscopic ultrasonography
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fractional excretion of sodium
fractional excretion of phosphate
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flavine mononucleotide
follicle-stimulating hormone

free T,

free T,

glutamic decarboxylase

gestational diabetes mellitus
glomerular filtration rate

v-glutamyl transferase

growth hormone

growth hormone-releasing hormone
gastric inhibitory peptide
glucagon-like peptide 1
gonadotrophin-releasing hormone
glucose-6-phosphate
glucose-6-phosphate dehydrogenase
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hepatitis A virus
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glycated haemoglobin

viral surface antigen
hydroxybutyrate dehydrogenase
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human chorionic gonadotrophin
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high-density lipoprotein

heparin extracorporeal low-density
lipoprotein precipitation

human haemochromatosis protein
hypoxanthine—guanine phosphoribosyl
transferase

5-hydroxyindole acetic acid
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human leucocyte antigen

3-hydroxy-3-methyl glutaryl coenzyme A

4-hydroxy-3-methoxymandelic acid
hepatocyte nuclear factor
hyperosmolal non-ketotic (coma)
hormone replacement therapy
high-sensitivity C-reactive protein

5-HT
5-HTP
HVA

IAH
IDL
IDMS
IEM
IFG
IEN
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IGF
IGT
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INR
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LCAT
LDH
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MCADD

MCH
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MDRD

MEGX
MEN
MGUS

MIBG
MIT
MODY
MPS
MRCP
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mRNA
MSH
mtDNA
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NAD
NADP

NAFLD
NAG

hydroxytryptamine (serotonin)
hydroxytryptophan
homovanillic acid

idiopathic adrenal hyperplasia
intermediate-density lipoprotein
isotope dilution mass spectrometry
inborn errors of metabolism
impaired fasting glucose
interferon

immunoglobulin

insulin-like growth factor
impaired glucose tolerance
interleukin

international normalized ratio

latent autoimmune diabetes of adults
lecithin—cholesterol acyltransferase
lactate dehydrogenase

low-density lipoprotein

luteinizing hormone

likelihood ratio

medium-chain acyl coenzyme A
dehydrogenase deficiency

mean corpuscular haemoglobin
mean corpuscular volume
modification of diet in renal disease
(formula)
monoethylglycinexylidide

multiple endocrine neoplasia
monoclonal gammopathy of
undetermined significance
metaiodobenzylguanidine
mono-iodotyrosine

maturity-onset diabetes of the young
mucopolysaccharidosis

magnetic resonance
cholangiopancreatography
magnetic resonance imaging
messenger ribonucleic acid
melanocyte-stimulating hormone
mitochondrial DNA
methylenetetrahydrofolate reductase

nicotinamide adenine dinucleotide
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non-alcoholic fatty liver disease
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NASH non-alcoholic steatotic hepatitis SCID severe combined immunodeficiency
NEFA non-esterified fatty acid SD standard deviation
NGAL neutrophil gelatinase-associated lipocalin ~ SHBG sex-hormone-binding globulin
NHS National Health Service SIADH syndrome of inappropriate antidiuretic
NICTH non-islet cell tumour hypoglycaemia hormone secretion
NP natriuretic peptide SLE systemic lupus erythematosus
NSAID non-steroidal anti-inflammatory drug STEMI ST-segment elevation myocardial
NSTEMI  non-ST segment elevation myocardial infarction
infarction

T, tri-iodothyronine
OGTT oral glucose tolerance test T, thyroxine
OTC ornithine transcarbamylase TBG thyroxine-binding globulin

TBW total body water
PABA para-amino benzoic acid TCA tricarboxylic acid
PBG porphobilinogen TfR transferrin receptor
PCR polymerase chain reaction TIBC total iron-binding capacity
PEG polyethylene glycol TNF tumour necrosis factor
PH primary hyperaldosteronism TPO thyroid peroxidase
PI protease inhibitor TPMT thiopurine methyltransferase
PIVKA proteins induced by vitamin K absence TRH thyrotrophin-releasing hormone
PKU phenylketonuria TSH thyroid-stimulating hormone
PNI prognostic nutritional index TSI thyroid-stimulating immunoglobulin
POCT point-of-care testing TTKG transtubular potassium gradient
PPAR peroxisome proliferator-activated receptor
PRPP phosphoribosyl pyrophosphate UGT uridine glucuronyl transferase
PSA prostate-specific antigen UIBC unsaturated iron-binding capacity
PTH parathyroid hormone URL upper reference limit
PTHRP parathyroid hormone-related protein

VIP vasoactive intestinal polypeptide
RBP retinol-binding protein VLCFA very long-chain fatty acid
RDS respiratory distress syndrome VLDL very low-density lipoprotein
RFLP restriction fragment length VDBP vitamin D-binding protein

polymorphism VDR vitamin D receptor

RNA ribonucleic acid
ROC receiver operating characteristic (curve) WHO World Health Organization
RRT renal replacement therapy
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REQUESTING LABORATORY TESTS

There are many laboratory tests available to the clinician.
Correctly used, these may provide useful information,
but, if used inappropriately, they are at best useless and
at worst misleading and dangerous.

In general, laboratory investigations are used:

e to help diagnosis or, when indicated, to screen for
metabolic disease,

e to monitor treatment or detect complications,

e occasionally for medicolegal reasons or, with due
permission from the patient, for research.

Overinvestigation of the patient may be harmful,
causing unnecessary discomfort or inconvenience,
delaying treatment or using resources that might be
more usefully spent on other aspects of patient care.
Before requesting an investigation, clinicians should
consider whether its result would influence their clinical
management of the patient.

Close liaison with laboratory staff is essential; they
may be able to help determine the best and quickest
procedure for investigation, interpret results and
discover reasons for anomalous findings.

HOW OFTEN SHOULD | INVESTIGATE
THE PATIENT?

This depends on the following:

e How quickly numerically significant changes are
likely to occur: for example, concentrations of the
main plasma protein fractions are unlikely to change
significantly in less than a week (see Chapter 19),
similarly for plasma thyroid-stimulating hormone
(TSH; see Chapter 11). See also Chapter 3.

e Whetherachange,evenif numerically significant, will
alter treatment: for example, plasma transaminase
activities may alter within 24 h in the course of acute
hepatitis, but, once the diagnosis has been made, this
is unlikely to affect treatment (see Chapter 17). By
contrast, plasma potassium concentrations may alter

rapidly in patients given large doses of diuretics and
these alterations may indicate the need to instigate or
change treatment (see Chapter 5).

Laboratory investigations are very rarely needed
more than once daily, except in some patients receiving
intensive therapy. If they are, only those that are
essential should be repeated.

WHEN IS A LABORATORY
INVESTIGATION ‘URGENT'?

The main reason for asking for an investigation to be
performed ‘urgently’ is that an early answer will alter
the patient’s clinical management. This is rarely the
case and laboratory staff should be consulted and the
sample ‘flagged’ as clearly urgent if the test is required
immediately. Laboratories often use large analysers
capable of assaying hundreds of samples per day
(Fig. 1.1). Point-of-care testing can shorten result
turnaround time and is discussed in Chapter 30.

Figure 1.1 A laboratory analyser used to assay
hundreds of blood samples in a day. Reproduced with
kind permission of Radiometer Limited.
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Laboratories usually have ‘panic limits, when
highly abnormal test results indicate a potentially life-
threatening condition that necessitates contacting the
relevant medical staff immediately. To do so, laboratory
staff must have accurate information about the location
of the patient and the person to notify.

INTERPRETING RESULTS

When interpreting laboratory results, the clinician
should ask the following questions:

o Is the result the correct one for the patient?

e Does the result fit with the clinical findings?
Remember to treat the patient and not the
‘laboratory numbers’.

e If it is the first time the test has been performed
on this patient, is the result normal when the
appropriate reference range is taken into account?

o If the result is abnormal, is the abnormality of
diagnostic significance or is it a non-specific
finding?

e Ifitis one of a series of results, has there been
a change and, if so, is this change clinically
significant?

Abnormal results, particularly if unexpected and
indicating the need for clinical intervention, are best
repeated.

CASE 1

A blood sample from a 4-year-old boy with
abdominal pain was sent to the laboratory from an
accident and emergency department. Some of the
results were as follows:

Plasma

Bilirubin 14 umol/L (< 20)

Alanine transaminase 14 U/L (<42)

Alkaline phosphatase 326 U/L (<250)

Albumin 40g/L (35-45)

v-Glutamyl transferase 14 U/L (< 55)
Albumin-adjusted calcium 2.34 mmol/L (2.15-2.55)

DISCUSSION

The patient’s age was not given on the request form
and the laboratory computer system ‘automatically’
used the reference ranges for adults. The plasma
alkaline phosphatase activity is raised if compared
with the adult reference range, but in fact is within
‘normal limits’ for a child of 4 years (60—425). See
also Chapters 6 and 18.

Test reference ranges

By convention, a reference (‘normal’) range (or interval)
usually includes 95 per cent of the test results obtained
from a healthy and sometimes age- and sex-defined
population. For the majority of tests, the individual’s
results for any constituent are distributed around
this mean in a ‘normal’ (Gaussian) distribution, the
95 per cent limits being about two standard deviations
from the mean. For other tests, the reference distribution
may be skewed, either to the right or to the left, around
the population median. Remember that 2.5 per cent of
the results at either end will be outside the reference
range; such results are not necessarily abnormal for that
individual. All that can be said with certainty is that
the probability that a result is abnormal increases the
further it is from the mean or median until, eventually,
this probability approaches 100 per cent. Furthermore,
a normal result does not necessarily exclude the disease
that is being sought; a test result within the population
reference range may be abnormal for that individual.

Very few biochemical tests clearly separate a ‘normal’
population from an ‘abnormal’ population. For
most there is a range of values in which ‘normal” and
‘abnormal’ overlap (Fig. 1.2), the extent of the overlap
differing for individual tests. There is a 5 per cent chance
that one result will fall outside the reference range, and
with 20 tests a 64 per cent chance, i.e. the more tests
done, the more likely it is that one will be statistically
abnormal.

No result of any investigation should be interpreted
without consulting the reference range issued by the

160
140
120

100

80

‘Normal’

607 subjects

Number of subjects

Overlap between

40 /‘normal' and ‘il

20

Arbitrary units

Figure 1.2 Theoretical distribution of values for
‘normal’ and ‘abnormal’ subjects, showing overlap at
the upper end of the reference range.
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laboratory carrying out the assay. Some analytes have
risk limits for treatment, such as plasma glucose (see
Chapter 12), or target or therapeutic limits, such as
plasma cholesterol (see Chapter 13).

Various non-pathological factors may affect the
results of investigations, the following being some of
the more important ones.

Between-individual differences

Physiological factors such as the following affect the
interpretation of results.

Age-related differences

These include, for example, bilirubin in the neonate
(see Chapter 26) and plasma alkaline phosphatase
activity, which is higher in children and the elderly (see
Chapter 18).

Sex-related differences

Examples of sex-related differences include plasma
urate, which is higher in males, and high-density
lipoprotein cholesterol, which is higher in pre-
menopausal women than in men (see Chapters 13 and
20). Obviously, sex hormone concentrations also differ
between the sexes (see Chapter 9).

Ethnic differences

These may occur because of either racial or environmental
factors, for example plasma creatine kinase may be higher
in black than in white people (see Chapter 18).

Within-individual variations

There are biological variations of both plasma
concentrations and urinary excretion rates of many
constituents, and test results may be incorrectly
interpreted if this is not taken into consideration.
Biological variations may be regular or random.

Regular

Such changes occur throughout the 24-h period
(circadian or diurnal rhythms, like those of body
temperature) or throughout the month. The daily
(circadian) variation of plasma cortisol is of diagnostic
value, but, superimposed on this regular variation,
‘stress’ will cause an acute rise (see Chapter 8). Plasma
iron concentrations may fall by 50 per cent between
morning and evening (see Chapter 21). To eliminate
the unwanted effect of circadian variations, blood
should ideally always be taken at the same time of day,
preferably in the early morning and, if indicated, with

the patient fasting. This is not usually possible, and
these variations should be taken into account when
serial results are interpreted.

Some constituents vary monthly, especially in
women during the menstrual cycle. These variations
can be very marked, as in the results of sex hormone
assays, for example plasma oestradiol, which can only be
interpreted if the stage of the menstrual cycle is known;
plasma iron may fall to very low concentrations just
before the onset of menstruation. Other constituents
may also vary seasonally. For example, vitamin D
concentrations may be highest in the summer months.
Some of these changes, such as the relation between
plasma glucose and meals, have obvious causes.

Random

Day-to-day variations, for example in plasma iron
concentrations, can be very large and may swamp regular
cycles. The causes of these are not clear, but they should be
allowed for when serial results are interpreted — for example
the effect of ‘stress’ on plasma cortisol concentrations.

The time of meals affects plasma glucose
concentrations, and therefore correct interpretation
is often only possible if the blood is taken when the
patient is fasting or at a set time after a standard dose of
glucose (see Chapter 12).

Methodological differences between
laboratories

It has been pointed out that, even if the same method
is used throughout a particular laboratory, it is
difficult to define normality clearly. Interpretation
may sometimes be even more difficult if the results
obtained in different laboratories, using different
analytical methods, are compared. Agreement between
laboratories is close for many constituents partly due
to improved standardization procedures and because
many laboratories belong to external quality control
schemes. However, for others, such as plasma enzymes,
different methods may give different results. For various
technical reasons, the results would still vary unless the
substrate, pH and all the other variables were the same.

IS THE ABNORMALITY OF DIAGNOSTIC
VALUE?

Relation between plasma and cellular
concentrations

Intracellular constituents are not easily sampled,
and plasma concentrations do not always reflect the
situation in the cells; this is particularly true for those
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constituents, such as potassium and phosphate, that
are at much higher concentrations intracellularly
than extracellularly. A normal, or even high, plasma
potassium concentration may be associated with
cellular depletion if equilibrium across cell membranes
is abnormal, such as in diabetic ketoacidosis. Analyte
concentrations may differ between plasma (the
aqueous phase of anticoagulated blood) and serum (the
aqueous phase of clotted blood). The concentration
of potassium, for example, is higher in serum than in
plasma samples because of leakage from cells during
clotting, and the total protein concentration is lower in
serum than in plasma because the protein fibrinogen is
removed during the clotting process.

Non-specific abnormalities

The concentrations of all protein fractions, including
immunoglobulins, and of protein-bound substances
may fall by as much as 15 per cent after as little as 30 min
recumbency, owing to fluid redistribution in the body.
This may account, at least in part, for the low plasma
albumin concentrations found in even quite minor
illnesses. In-patients often have blood taken early in the
morning, while recumbent, and plasma concentrations
of protein and protein-bound substances tend to be
lower than in out-patients (see Chapter 19).

DIAGNOSTIC PERFORMANCE

Before one can interpret day-to-day changes in results
and decide whether the patient’s biochemical state
has altered, one must know the degree of variation
to be expected in the results derived from a normal
population. We have already discussed intraindividual
(same person) analyte variation. However, there is also
unavoidable analytical variation.

CASE 3

One hundred patients with chest pain were screened
with a new biochemical test that showed 80 to be
positive for chest pain. What is the test’s sensitivity?
Answer: 80/100 x 100% = 80%

The same test was used on 100 patients without chest
pain, and 95 had a negative screening result. What is
the test’s specificity?

Answer: 95/100 X 100% = 95%

DISCUSSION
Sensitivity is true-positive rate per total affected.

CASE 2

A 54-year-old Nigerian man was seen in an accident
and emergency department because of chest pain.
His electrocardiogram (ECG) was normal. The
following results were returned from the laboratory,
6h after his chest pain started:

Plasma
Creatine kinase 498 U/L (< 250)
Troponin T 10 pg/L (<20)

DISCUSSION

The raised plasma creatine kinase activity suggested an
acute myocardial infarction (see also Chapters 18 and
22). The patient was, however, subsequently found not
to have had a myocardial infarction (confirmed by a
normal troponin T result) and the raised plasma creatine
kinase activity was thought to be due to his racial origin.
(The reference range of <250U/L was based on that
of the predominantly white UK population; normal
plasma creatine kinase activity may be two to three
times higher in black than in white people.)

Specificity is true-negative rate per total unaffected.

Reproducibility of laboratory estimations

Most laboratory estimations should give results that
are reproducible to well within 5 per cent; some, such
as those for sodium and calcium, should be even more
precise, but the variability of some hormone assays,
for example, may be greater. Small changes in results
produced by relatively imprecise methods are not likely
to be clinically significant.

Imprecision is the term used to describe the random
changes that reduce the agreement between replicate
assay measurements. This can be considered in terms of
the within-assay precision, which is the assay variability
when the same material is assayed repeatedly within
the same assay batch, or day-to-day precision, which
is the variability when the same material is assayed on
different days.

The assay coefficient of variation (CV) is used
to express imprecision and can be calculated by the
following equation:

standard deviation of the assay

% =
CVoe mean of the assay results

X 100%
(1.1)

This should be as small as possible for each assay, and
can be expressed as the intra-assay CV when describing
the imprecision within a single run or batch.




Diagnostic performance

Test sensitivity and specificity

Diagnostic sensitivity is a measure of the frequency of a
test being positive when a particular disease is present,
that is, the percentage of true-positive (TP) results.
Diagnostic specificity is a measure of the frequency of
a test being negative when a certain disease is absent,
that is, the percentage of true-negative (TN) results.
Ideally, a test would have 100 per cent specificity and
100 per cent sensitivity.

The usefulness of tests can be expressed visually as
receiver operating characteristic (ROC) curves (Fig. 1.3).

Unfortunately, in population screening, some
subjects with a disorder may have a negative test (false-
negative, FN); conversely, some subjects without the
condition in question will show an abnormal or positive
result (false-positive, FP).

The predictive value of a negative result is the percentage
of all negative results that are true negatives, that is, the
frequency of subjects without the disorder in all subjects
with negative test results. A high negative predictive
value is important in screening programmes if affected
individuals are not to be missed. This can be expressed as:

TN
TN + EN

The predictive value of a positive result is the
percentage of all positive results that are true positives:
in other words, the proportion of screening tests that
are correct. A high positive predictive value is important
to minimize the number of false-positive individuals
being treated unnecessarily. This can be expressed as:

TP
TP + FP

The overall efficiency of a test is the percentage of
patients correctly classified by the test. This should be
as high as possible and can be expressed as:

TP + TN
TP + FP + TN + FN

If the cut-off, or action, limit of a diagnostic test
is set too low, more falsely positive individuals will
be included, and its sensitivity will increase and its

x 100% (1.2)

X 100% (1.3)

X 100% (1.4)

Sensitivity

1 — Specificity

Figure 1.3 Receiver operating characteristic (ROC)
curve. The greater the area under the curve, the more
useful the diagnostic test. Test B is less useful than
test A, which has greater sensitivity and specificity. C
depicts chance performance (area under the curve 0.5).

specificity decline. Conversely, if a diagnostic test has its
cut-off or action limit set too high, fewer falsely positive
individuals will be encompassed, but more individuals
will be falsely defined as negative, that s, its sensitivity
will decrease and its specificity will increase.

Likelihood ratios of laboratory tests

Some may find predictive values confusing, and the
likelihood ratio (LR) may be preferable. This can be
defined as the statistical odds of a factor occurring
in one individual with a disorder compared with it
occurring in an individual without that disorder.

The LR for a negative test is expressed as:

1 — sensitivity

specificity (1:5)
The LR for a positive test is expressed as:
sensitivity (1.6)

1 — specificity

The greater the LR, the more clinically useful is the
test in question.

SUMMARY

e Careful thought is required when it comes to
requesting and interpreting clinical biochemistry
tests.

e Communication with the laboratory is essential to
ensure optimal interpretation of results and patient
management.

e The laboratory reference range should be consulted
when interpreting biochemical results, and results
should be interpreted in the light of the clinical findings.

e Just because a result is ‘abnormal’ does not mean
that the patient has an illness; conversely, a ‘normal’
result does not exclude a disease process.
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It is essential to understand the linked homeostatic
mechanisms controlling water and sodium balance
when interpreting the plasma sodium concentration
and managing the clinically common disturbances of
water and sodium balance. This is of major importance
in deciding on the composition and amount, if any, of
intravenous fluid to give. It must also be remembered
that plasma results may be affected by such intravenous
therapy, and can be dangerously misunderstood.

Water is an essential body constituent, and
homeostatic processes are important to ensure that
the total water balance is maintained within narrow
limits, and the distribution of water among the
vascular, interstitial and intracellular compartments is
maintained. This depends on hydrostatic and osmotic
forces acting across cell membranes.

Sodium is the most abundant extracellular cation
and, with its associated anions, accounts for most of
the osmotic activity of the extracellular fluid (ECF); it
is important in determining water distribution across
cell membranes.

Osmotic activity depends on concentration, and
therefore on the relative amounts of sodium and water
in the ECF compartment, rather than on the absolute
quantity of either constituent. An imbalance may cause
hyponatraemia (low plasma sodium concentration) or
hypernatraemia (high plasma sodium concentration),
and therefore changes in osmolality. If water and sodium
are lost or gained in equivalent amounts, the plasma
sodium, and therefore the osmolal concentration, is
unchanged; symptoms are then due to extracellular
volume depletion or overloading (Table 2.1). As the
metabolism of sodium is so inextricably related to that
of water, the two are discussed together in this chapter.

TOTAL SODIUM AND WATER BALANCE

In a 70-kg man, the total body water (TBW) is about
42 L and contributes about 60 per cent of the total body
weight; there are approximately 3000 mmol of sodium,

mainly in the ECF (Table 2.2). Water and electrolyte
intake usually balance output in urine, faeces, sweat
and expired air.

Water and sodium intake

The daily water and sodium intakes are variable, but in
an adult amount to about 1.5-2L and 60-150 mmol,
respectively.

Water and sodium output
Kidneys and gastrointestinal tract
Thekidneysand intestine deal with water and electrolytes

in a similar way. Net loss through both organs depends
on the balance between the volume filtered proximally

Table 2.1 Approximate contributions of solutes to
plasma osmolality

Osmolality (mmol/kg) Total (%)
Sodium and its anions 270 92
Potassium and its anions 7 A
Calcium (ionized) and its anions 3
Magnesium and its anions 1
Urea 5 e
Glucose 5
Protein 1 (approx.) Y,
Total 292 (approx.)

Table 2.2 The approximate volumes in different body
compartments through which water is distributed in a
70-kg adult

Intracellular fluid compartment 24
Extracellular fluid compartment 18
Interstitial (13)
Intravascular (blood volume) (5
Total body water 42
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and that reabsorbed more distally. Any factor affecting
either passive filtration or epithelial cellular function
may disturb this balance.

Approximately 200L of water and 30000 mmol of
sodium are filtered by the kidneys each day; a further
10L of water and 1500mmol of sodium enter the
intestinal lumen. The whole of the extracellular water
and sodium could be lost by passive filtration in little
more than an hour, but under normal circumstances
about 99 per cent is reabsorbed. Consequently, the
net daily losses amount to about 1.5-2L of water and
100mmol of sodium in the urine, and 100mL and
15mmol, respectively, in the faeces.

Fine adjustment of the relative amounts of water
and sodium excretion occurs in the distal nephron and
the large intestine, often under hormonal control. The
effects of antidiuretic hormone (ADH) or vasopressin
and the mineralocorticoid hormone aldosterone on
the kidney are the most important physiologically,
although natriuretic peptides are also important.

Sweat and expired air

About 1L of water is lost daily in sweat and expired
air, and less than 30 mmol of sodium a day is lost in
sweat. The volume of sweat is primarily controlled
by skin temperature, although ADH and aldosterone
have some effect on its composition. Water loss in
expired air depends on the respiratory rate. Normally,
losses in sweat and expired air are rapidly corrected by
changes in renal and intestinal loss. However, neither
of these losses can be controlled to meet sodium and
water requirements, and thus they may contribute
considerably to abnormal balance when homeostatic
mechanisms fail.

CONTROL OF WATER AND SODIUM
BALANCE

Control of water balance

Both the intake and loss of water are controlled by
osmotic gradients across cell membranes in the brain’s
hypothalamic osmoreceptor centres. These centres,
which are closely related anatomically, control thirst
and the secretion of ADH.

Antidiuretic hormone (arginine vasopressin)

Antidiuretic hormone is a polypeptide with a half-life
of about 20 min that is synthesized in the supraoptic
and paraventricular nuclei of the hypothalamus and,
after transport down the pituitary stalk, is secreted
from the posterior pituitary gland (see Chapter 7).

Control of antidiuretic hormone secretion

The secretion of ADH is stimulated by the flow of
water out of cerebral cells caused by a relatively high
extracellular osmolality. If intracellular osmolality
is unchanged, an extracellular increase of only
2 per cent quadruples ADH output; an equivalent
fall almost completely inhibits it. This represents a
change in plasma sodium concentration of only about
3 mmol/L. In more chronic changes, when the osmotic
gradient has been minimized by solute redistribution,
there may be little or no effect. In addition, stretch
receptors in the left atrium and baroreceptors in the
aortic arch and carotid sinus influence ADH secretion
in response to the low intravascular pressure of severe
hypovolaemia, stimulating ADH release. The stress
due to, for example, nausea, vomiting and pain may
also increase ADH secretion. Inhibition of ADH
secretion occurs if the extracellular osmolality falls,
for whatever reason.

Actions of antidiuretic hormone

Antidiuretic hormone, by regulating aquaporin
2, enhances water reabsorption in excess of solute
from the collecting ducts of the kidney and so
dilutes the extracellular osmolality. Aquaporins are
cell membrane proteins acting as water channels
that regulate water flow. When ADH secretion is a
response to a high extracellular osmolality with the
danger of cell dehydration, this is an appropriate
response. However, if its secretion is in response to
a low circulating volume alone, it is inappropriate to
the osmolality. The retained water is then distributed
throughout the TBW space, entering cells along the
osmotic gradient; the correction of extracellular
depletion with water alone is thus relatively inefficient
in correcting hypovolaemia. Plasma osmolality
normally varies by less than 1-2 per cent, despite
great variation in water intake, which is largely due to
the action of ADH.

In some circumstances, the action of ADH is
opposed by other factors. For example, during an
osmotic diuresis the urine, although not hypo-osmolal,
contains more water than sodium. Patients with severe
hyperglycaemia, as in poorly controlled diabetes
mellitus, may show an osmotic diuresis.

Control of sodium balance

The major factors controlling sodium balance are renal
blood flow and aldosterone. This hormone controls
loss of sodium from the distal tubule and colon.
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Aldosterone

Aldosterone, a mineralocorticoid hormone, is secreted
by the zona glomerulosa of the adrenal cortex (see
Chapter 8). It affects sodium—potassium and sodium—
hydrogen ion exchange across all cell membranes. Its
main effect is on renal tubular cells, but it also affects
loss in faeces, sweat and saliva. Aldosterone stimulates
sodium reabsorption from the lumen of the distal
renal tubule in exchange for either potassium or
hydrogen ions (Fig. 2.1). The net result is the retention
of more sodium than water, and the loss of potassium
and hydrogen ions. If the circulating aldosterone
concentration is high and tubular function is normal,
the urinary sodium concentration is low.

Many factors are involved in the feedback control of
aldosterone secretion. These include local electrolyte
concentrations, such as that of potassium in the adrenal
gland, but they are probably of less physiological
and clinical importance than the effect of the renin—
angiotensin system.

The renin—angiotensin system

Renin is an aspartyl protease secreted by the
juxtaglomerular apparatus, a cellular complex adjacent
to the renal glomeruli, lying between the afferent arteriole

Glomerulus

B~ Na'

e

v v |

B~ Na'—, Na* » Na*

@ ——————— Aldosterone
Hfe— H+ > HCO3
K+
Renal |
tubular
lumen HB H,CO4

|
I CD
|
| Co,
|
| H,0
|
| Renal tubular cell
v

Figure 2.1 The action of aldosterone on the
reabsorption of Na* in exchange for either K* or H*
from the distal renal tubules. See text for details. CD,
carbonate dehydratase; B-, associated anion.

and the distal convoluted tubule. Renin is derived from
prorenin by proteolytic action, and secretion increases
in response to a reduction in renal artery blood flow,
possibly mediated by changes in the mean pressure in the
afferent arterioles, and [-adrenergic stimulation. Renin
splits a decapeptide (angiotensin I) from a circulating o, -
globulin known as renin substrate. Another proteolytic
enzyme, angiotensin-converting enzyme (ACE), which
is located predominantly in the lungs but is also present
in other tissues such as the kidneys, splits off a further
two amino acid residues. This is the enzyme that ACE
inhibitors (used to treat hypertension and congestive
cardiac failure) act on. The remaining octapeptide,
angiotensin II, has a number of important actions:

e It acts directly on capillary walls, causing
vasoconstriction, and so probably helps to maintain
blood pressure and alter the glomerular filtration rate
(GFR). Vasoconstriction may raise the blood pressure
before the circulating volume can be restored.

o It stimulates the cells of the zona glomerulosa to
synthesize and secrete aldosterone.

e It stimulates the thirst centre and so promotes oral
fluid intake.

Poor renal blood flow is often associated with an
inadequate systemic blood pressure. The release of
renin results in the production of angiotensin II, which
tends to correct this by causing aldosterone release,
which stimulates sodium and water retention and hence
restores the circulating volume. Thus, aldosterone
secretion responds, via renin, to a reduction in renal
blood flow. Sodium excretion is not directly related
to total body sodium content or to plasma sodium
concentration.

Natriuretic peptides

A peptide hormone (or hormones) secreted from
the right atrial or ventricular wall in response to the
stimulation of stretch receptors may cause high sodium
excretion (natriuresis) by increasing the GFR and by
inhibiting renin and aldosterone secretion. However,
the importance of this hormone (or hormones) in
the physiological control of sodium excretion and in
pathological states has not yet been fully elucidated,
although it is important in the pathophysiology of
congestive cardiac failure (see Chapter 22).

Monitoring fluid balance

The most important factor in assessing changes in
day-to-day fluid balance is accurate records of fluid
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intake and output; this is particularly pertinent for
unconscious patients. ‘Insensible loss’ is usually
assumed to be about 1 L/day, but there is endogenous
water production of about 500 mL/day as a result
of metabolic processes. Therefore the net daily
‘insensible loss’ is about 500 mL. The required daily
intake may be calculated from the output during the
previous day plus 500mL to allow for ‘insensible
loss’; this method is satisfactory if the patient is
normally hydrated before day-to-day monitoring
is started. Serial patient body weight determination
can also be useful in the assessment of changes in
fluid balance.

Pyrexial patients maylose 1 L or more of fluid in sweat
and, if they are also hyperventilating, respiratory water
loss may be considerable. In such cases an allowance
of about 500mL for ‘insensible loss’ may be totally
inadequate. In addition, patients may be incontinent
of urine, and having abnormal gastrointestinal losses
makes the accurate assessment of fluid losses very
difficult.

Inaccurate measurement and charting are useless and
may be dangerous.

Keeping a cumulative fluid balance record is a useful
way of detecting a trend, which may then be corrected
before serious abnormalities develop.

In the example shown in Table 2.3, 500 mL has been
allowed for as net ‘insensible daily loss’; calculated losses
are therefore more likely to be underestimated than
overestimated. This shows how insidiously a serious
deficit can develop over a few days.

The volume of fluid infused should be based on the
calculated cumulative balance and on clinical evidence
of the state of hydration, and its composition adjusted
to maintain normal plasma electrolyte concentrations.

Assessment of the state of hydration of a patient relies
on clinical examination and on laboratory evidence of
haemodilution or haemoconcentration.

e Haemodilution Increasing plasma volume with
protein-free fluid leads to a fall in the concentrations
of proteinsand haemoglobin. However, these findings

may be affected by pre-existing abnormalities of
protein or red cell concentrations.

e Haemoconcentration ECF is wusually lost from
the vascular compartment first and, unless the
fluid is whole blood, depletion of water and small
molecules results in a rise in the concentration of
large molecules, such as proteins and blood cells,
with a rise in blood haemoglobin concentration and
haematocrit, raised plasma urea concentration and
reduced urine sodium concentration.

Table 2.4 shows various intravenous fluid regimens
that can be used clinically. A summary of the British
Consensus Guidelines on Intravenous Fluid Therapy
for Adult Surgical Patients (GIFTASUP) can be found
at www.bapen.org.uk/pdfs/bapen_pubs/giftasup.pdf.

DISTRIBUTION OF WATER AND SODIUM
IN THE BODY

In mild disturbances of the balance of water and
electrolytes, their total amounts in the body may be of
less importance than their distribution between body
compartments (see Table 2.2).

Water is distributed between the main body
fluid compartments, in which different electrolytes
contribute to the osmolality. These compartments are:

e intracellular, in which potassium is the predominant
cation,
e extracellular, in which sodium is the predominant
cation, and which can be subdivided into:
— interstitial space, with very low protein
concentration, and
— intravascular (plasma) space, with a relatively
high protein concentration.

Electrolyte distribution between cells and
interstitial fluid

Sodium is the predominant extracellular cation, its
intracellular concentration being less than one-tenth
of that within the ECE The intracellular potassium
concentration is about 30 times that of the ECFE. About
95 per cent of the osmotically active sodium is outside

Tahle 2.3 Hypothetical cumulative fluid balance chart assuming an insensible daily loss of 500 mL

Measured intake (mL) Measured output (mL)  Total output (minimum mL)  Daily balance (mL) Cumulative balance (mL)
Day1 | 2000 1900 2400 -400 -400
Day2 | 2000 2000 2500 -500 -900
Day3 | 2100 1900 2400 -300 -1200
Day4 | 2200 2000 2500 -300 -1500
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Table 2.4 Some electrolyte-containing fluids for intravenous infusion

Na* K+ Cl- HCO,- Glucose Ca?* Approximate
(mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) osmolarity x plasma
Saline
‘Normal’ (physiological 0.9%) 154 - 154 - - - x 1
Twice ‘normal’ (1.8%) 308 - 308 - - - X2
Half ‘normal’ (0.45%) 77 - 77 - - - % 0.5
‘Dextrose’ saline
5%, 0.45% 71 - 77 - 278 - x 1.5
Sodium bicarbonate
1.4% 167 - - 167 - - x1
8.4%: 1000 - - 1000 - - X6
Complex solutions
Ringer’s 147 4.2 156 - - 2.2 x 1
Hartmann's 131 5.4 112 29 - 1.8 x1

2Most commonly used bicarbonate solution. Note marked hyperosmolarity. Only used if strongly indicated.

°As lactate 29 mmol/L.

cells, and about the same proportion of potassium is
intracellular. Cell-surface energy-dependent sodium/
potassium adenosine triphosphatase pumps maintain
these differential concentrations.

Other ions tend to move across cell membranes
in association with sodium and potassium. (The
movement of hydrogen ions is discussed in Chapter 4.)
Magnesium and phosphate ions are predominantly
intracellular, and chloride ions extracellular.

Distribution of electrolytes between plasma
and interstitial fluid

The cell membranes of the capillary endothelium are
more permeable to small ions than those of tissue cells.
The plasma protein concentration is relatively high,
but that of interstitial fluid is very low. The osmotic
effect of the intravascular proteins is balanced by very
slightly higher interstitial electrolyte concentrations
(Gibbs—Donnan effect); this difference is small and, for
practical purposes, plasma electrolyte concentrations
can be assumed to be representative of those in the ECF
as a whole.

Distribution of water

Over half the body water is intracellular (see Table
2.2). About 15-20 per cent of the extracellular water is
intravascular; the remainder constitutes the interstitial
fluid. The distribution of water across biological
membranes depends on the balance between the
hydrostatic pressure and the in vivo effective osmotic
pressure differences on each side of the membrane.

Osmotic pressure

The net movement of water across a membrane that is
permeable only to water depends on the concentration
gradient of particles — either ions or molecules — across
that membrane, and is known as the osmotic gradient.
For any weight-to-volume ratio, the larger the particles,
the fewer there are per unit volume, and therefore the
lower the osmotic effect they exert. If the membranes
were freely permeable to ions and smaller particles as
well as to water, these diffusible particles would exert
no osmotic effect across membranes, and therefore the
larger ones would become more important in affecting
water movement. This action gives rise to the effective
colloid osmotic (oncotic) gradient. Water distribution
in the body is thus dependent largely on three factors,
namely:

1. the number of particles per unit volume,
2. particle size relative to membrane permeability,
3. concentration gradient across the membrane.

Units of measurement of osmotic pressure

Osmolar concentration can be expressed as:

o the osmolarity (in mmol/L) of solution,
o the osmolality (in mmol/kg) of solvent.

If solute is dissolved in pure water at concentrations
such as those in body fluids, osmolarity and osmolality
will hardly differ. However, as plasma is a complex
solution containing large molecules such as proteins,
the total volume of solution (water + protein) is
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greater than the volume of solvent only (water) in
which the small molecules are dissolved. At a protein
concentration of 70g/L, the volume of water is about
6 per cent less than the total volume of the solution (that
is, the molarity should theoretically be about 6 per cent
less than the molality). Most methods for measuring
individual ions assess them in molarity (mmol/L). If
the concentration of proteins in plasma is markedly
increased, the volume of solvent is significantly reduced
but the volume of solution remains unchanged.
Therefore the molarity (in mmol/L) of certain ions
such as sodium will be reduced but the molality will be
unaltered. This apparently low sodium concentration is
known as pseudohyponatraemia.

Measured plasma osmolality

Osmometers measure changes in the properties of a
solution, such as freezing point depression or vapour
pressure, which depend on the total osmolality
of the solution — the osmotic effect that would be
exerted by the sum of all the dissolved molecules and
ions across a membrane permeable only to water.
These properties are known as colligative properties.
Sodium and its associated anions (mainly chloride)
contribute 90 per cent or more to this measured plasma
osmolality, the effect of protein being negligible. As the
only major difference in composition between plasma
and interstitial fluid is in protein content, the plasma
osmolality is almost identical to the osmolality of the
interstitial fluid surrounding cells.

Calculated plasma osmolarity

Itisthe osmolam,rather than the osmolar,concentration
that exerts an effect across cell membranes and that
is controlled by homeostatic mechanisms. However,
as discussed below, the calculated plasma osmolarity
is usually as informative as the measured plasma
osmolality.

Although, because of the space-occupying effect of
protein, the measured osmolality of plasma should be
higher than the osmolarity, calculated from the sum of
the molar concentrations of all the ions, there is usually
little difference between the two figures. This is because
there is incomplete ionization of, for example, NaCl to
Na* and CI; this reduces the osmotic effect by almost
the same amount as the volume occupied by protein
raises it.

Consequently, the calculated plasma osmolarity is a
valid approximation to the true measured osmolality.
However, if there is gross hyperproteinaemia or
hyperlipidaemia such that either protein or lipid

contributes much more than 6 per cent to the measured
plasma volume, the calculated osmolarity may be
significantly lower than the true osmolality in the plasma
water. A hypothetical example is shown in Figure 2.2.

Many formulae of varying complexity have been
proposed to calculate plasma osmolarity. None of them
can predict the osmotic effect, but the following formula
(in which square brackets indicate concentration) gives
a close approximation to plasma osmolality (although
some equations omit the potassium, which may be
preferable):

Plasma osmolality = 2[Na*] + 2[K*] + [urea]

+ [glucose] in mmol/L  (2.1)

The factor of 2, which is applied to the sodium and
potassium concentrations, allows for the associated
anions and assumes complete ionization. This
calculation is not valid if gross hyperproteinaemia
or hyperlipidaemia is present or an unmeasured
osmotically active solute, such as mannitol, methanol,
ethanol or ethylene glycol, is circulating in plasma.

A significant  difference between measured
and calculated osmolality in the absence of
hyperproteinaemia or hyperlipidaemia may suggest
alcohol or other poisoning. For example, a plasma
alcohol concentration of 100 mg/dL contributes about
20 mmol/kg to the osmolality. This osmotic difference is
known as the osmolar gap and can be used to assess the
presence in plasma of unmeasured osmotically active
particles. In such cases the plasma sodium concentration
may be misleading as a measure of the osmotic effect. It
is not possible to calculate urinary osmolarity because
of the considerable variation in the concentrations of
different, sometimes unmeasured, solutes; the osmotic
pressure of urine can be determined only by measuring
the osmolality.

Distribution of water across cell membranes
Osmotic pressure gradient

Because the hydrostatic pressure difference across the
cell membrane is negligible, cell hydration depends on
the effective osmotic difference between intracellular
and extracellular fluids. The cell membranes are freely
permeable to water and to some solutes, but different
solutes diffuse (or are actively transported) across cell
membranes at different rates, although always more
slowly than water. In a stable state, the total intracellular
osmolality, due mostly to potassium and associated
anions, equals that of the interstitial fluid, due mostly
to sodium and associated anions; consequently, there is
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Figure 2.2 The consequence of gross hyperproteinaemia or hyperlipidaemia on the plasma water volume and its
effect on the calculated plasma osmolarity and the true plasma osmolality.

no net movement of water into or out of cells. In some
pathological states, rapid changes of extracellular solute
concentration affect cell hydration; slower changes may
allow time for the redistribution of solute and have
little or no effect.

Sodium In normal subjects sodium and its associated
anions account for at least 90 per cent of extracellular
osmolality. Rapid changesin their concentration therefore
affect cellular hydration. If there is no significant change
in the other solutes, a rise causes cellular dehydration
and a fall causes cellular overhydration.

Urea Normal extracellular concentrations are so
low as to contribute very little to the measured plasma
osmolality. However, concentrations 15-fold or more
above normal can occur in severe uraemia and can
then make a significant contribution (see Chapter 3).
However, urea does diffuse into cells very much more
slowly than water. Consequently, in acute uraemia, the

increased osmotic gradient alters cell hydration, but
in chronic uraemia, although the measured plasma
osmolality is often increased, the osmotic effect of urea
is reduced as the concentrations gradually equalize on
the two sides of the membrane.

Glucose Like urea, the normally low extracellular
concentration of glucose does not contribute significantly
to the osmolality. However, unlike urea, glucose is actively
transported into many cells, but once there it is rapidly
metabolized, even at high extracellular concentrations,
and the intracellular concentration remains low. Severe
hyperglycaemia, whether acute or chronic, causes a
marked osmotic effect across cell membranes, with
movement of water from cells into the extracellular
compartment causing cellular dehydration.

Although hyperglycaemia and acute uraemia can
cause cellular dehydration, the contribution of normal
urea and glucose concentrations to plasma osmolality
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is so small that reduced levels of these solutes, unlike
those of sodium, do not cause cellular overhydration.

Solutes such as potassium, calcium and magnesium
are present in the ECF at very low concentrations.
Significant changes in these are lethal at much lower
concentrations than those that would change osmolality.

Mannitol is an example of an exogenous substance
that remains in the extracellular compartment because it
is not transported into cells,and may be infused to reduce
cerebral oedema. Ethanol is only slowly metabolized,
and a high concentration in the ECF may lead to cerebral
cellular dehydration; this may account for some of the
symptoms of a hangover. High glucose concentrations
account for the polyuria of severe diabetes mellitus.

Large rises in the osmotic gradient across cell
membranes may result in the movement of enough
water from the intracellular compartment to dilute
extracellular constituents. Consequently, if the change
in osmolality has not been caused by sodium and its
associated anions, a fall in plasma sodium concentration
is appropriate to the state of osmolality. If, under such
circumstances, the plasma sodium concentration is not
low, this indicates hyperosmolality.

Generally, plasma osmolarity calculated from sodium,
potassium, urea and glucose concentrations is at least as
clinically valuable as measured plasma osmolality. It has
the advantage that the solute responsible, and therefore
its likely osmotic effect, is often identified.

Distribution of water across capillary membranes

The maintenance of blood pressure depends on
the retention of fluid within the intravascular
compartment at a higher hydrostatic pressure than that
of the interstitial space. Hydrostatic pressure in capillary
lumina tends to force fluid into the extravascular space.
In the absence of any effective opposing force, fluid
would be lost rapidly from the vascular compartment.
Unlike other cell membranes, those of the capillaries are
permeable to small ions. Therefore sodium alone exerts
almost no osmotic effect and the distribution of water
across capillary membranes is little affected by changes in
electrolyte concentration.

Colloid osmotic pressure

The very small osmotic effect of plasma protein
molecules produces an effective osmotic gradient
across capillary membranes; this is known as the
colloid osmotic, or oncotic, pressure. It is the most
important factor opposing the net outward hydrostatic
pressure (Fig. 2.3). Albumin (molecular weight 65kDa)

is the most important protein contributing to the
colloid osmotic pressure. It is present intravascularly
at significant concentration but extravascularly only at
a very low concentration because it cannot pass freely
across the capillary wall.

The osmotic gradient across vascular walls cannot be
estimated by simple means. The total plasma osmolality
gives no information about this. Moreover, the plasma
albumin concentration is a poor guide to the colloid
osmotic pressure. Although other proteins, such as
globulins, are present in the plasma at about the same
concentration as albumin, their estimation for this
purpose is even less useful: their higher molecular weights
mean that they have even less effect than albumin.

Relation between sodium and water
homeostasis

In normal subjects, the concentrations of sodium and
its associated anions are the most important osmotic
factors affecting ADH secretion. Plasma volume, by its
effect on renal blood flow, controls aldosterone secretion
and therefore sodium balance. The homeostatic
mechanisms controlling sodium and water excretion
are interdependent. (A simplified scheme is shown
in Fig. 2.4.) Thirst depends on a rise in extracellular
osmolality, whether due to water depletion or sodium
excess, and also on a very large increase in the activity
of the renin—angiotensin system.

A rise in extracellular osmolality reduces water
loss by stimulating ADH release and increases intake
by stimulating thirst; both these actions dilute the
extracellular osmolality. Osmotic balance (and therefore
cellular hydration) is rapidly corrected.

Assessment of sodium status

As already discussed, the plasma sodium concentration
is important because of its osmotic effect on fluid
distribution. Plasma sodium concentrations should be
monitored while volume is being corrected to ensure
that the distribution of fluid between the intracellular
and extracellular compartments is optimal. The
presence of other osmotically active solutes should be
taken into account.

URINARY SODIUM ESTIMATION

Urinary sodium excretion is not related to body content
but to renal blood flow.

Estimation of the urinary sodium concentration in
a random specimen may be of value in the diagnosis of
the syndrome of inappropriate antidiuretic hormone
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Figure 2.3 Osmotic factors that control the distribution of water between the fluid compartments of the body.
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Figure 2.4 Control of water and sodium homeostasis. ADH, antidiuretic hormone.

secretion (SIADH) and may help to differentiate renal
circulatory insufficiency (pre-renal) from intrinsic
renal damage (see Chapter 3).

The fractional excretion of sodium (FENa%) may
also be useful in helping to assess renal blood flow and
can be measured using a simultaneous blood sample
and spot urine sample:

urine [sodium]|
plasma [sodium]

plasma [creatinine]

- — X 100%
urine [creatinine]

(2.2)

FENa% =

A value of less than 1 per cent may be found in poor
renal perfusion, for example pre-renal failure, and of
more than 1 per cent in intrinsic renal failure.
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DISTURBANCES OF WATER AND
SODIUM METABOLISM

The initial clinical consequences of primary sodium
disturbances depend on changes of extracellular
osmolality and hence of cellular hydration, and those
of primary water disturbances depend on changes in
extracellular volume.

Plasma sodium concentration is usually a substitute
for measuring plasma osmolality. Plasma sodium
concentrations per se are not important, but their effect
on the osmotic gradient across cell membranes is, and
it should be understood that the one does not always
reflect the other.

If the concentration of plasma sodium alters rapidly,
and the concentrations of other extracellular solutes
remain the same, most of the clinical features are due
to the consequence of the osmotic difference across cell

membranes, with redistribution of fluid between cells
and the ECFE. However, gradual changes, which allow
time for redistribution of diffusible solute such as urea,
and therefore for equalization of osmolality without
major shifts of water, may produce little effect on fluid
distribution.

We now discuss in some detail conditions involving
water and sodium deficiency and excess. These are
discussed together, as the two are so closely inter-related
in vivo and can result in abnormal plasma sodium
concentrations.

Water and sodium deficiency (Figs 2.5-2.7)

Apart from the loss of solute-free water in expired
air, water and sodium are usually lost together from
the body. An imbalance between the degrees of their
deficiency is relatively common and may be due to
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Figure 2.5 Homeostatic correction of isosmotic volume depletion. The reduced intravascular volume impairs renal blood
flow and stimulates renin and therefore aldosterone secretion. There is selective sodium reabsorption from the distal
tubules and a low urinary sodium concentration. (Shading indicates primary change.) ADH, antidiuretic hormone.
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Figure 2.6 Infusion of hypotonic fluid as a cause of predominant sodium depletion. Increased circulating volume
with reduction in plasma osmolality inhibits aldosterone and antidiuretic hormone (ADH) secretion. (Shading
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Figure 2.7 Initial effect of aldosterone deficiency is impaired sodium retention and hypovolaemia; later, severe
hypovolaemia stimulates increased antidiuretic hormone (ADH) secretion with water retention, sometimes
causing a dilutional hyponatraemia. (Shading indicates primary change.)

the composition of the fluid lost or to that of the fluid
given to replace it. The initial effects depend on the
composition of the fluid lost compared with that of
plasma.

e Isosmolar volume depletion results if the sodium
concentration of the fluid lost is similar to that of
plasma; changes in plasma sodium concentration are
then unusual.

e Predominant sodium depletion is usually the result
of inappropriate treatment, as only bile, secreted in
small volumes, has a significantly higher sodium
concentration than that of plasma. Hyponatraemia
(alow plasma sodium concentration) usually results.

e Predominant water depletion results if the sodium
concentration of the lost fluid is much less than that
of plasma. Hypernatraemia (an abnormally high
concentration of sodium) may occur, and indicates
loss of relatively more water than sodium, even if
there is little evidence of volume depletion.

The term ‘dehydration’ can be misleading. It is often
used interchangeably to describe the conditions listed
above, although the clinical and biochemical findings
are very different. The consequent confusion may lead
to inappropriate and possibly dangerous treatment;
therefore, an attempt should be made to assess the
approximate composition of fluid lost by identifying its
origin.

Isosmolar volume depletion
Causes of isosmolar fluid loss

The sodium concentrations of all small intestinal
secretions, and of urine when tubular function is grossly
impaired, are between 120 mmol/L and 140 mmol/L.
Clinical conditions causing approximately isosmolar
loss are as follows:

e blood loss,

o small intestinal fistulae and ileostomy,

e small intestinal obstruction and paralytic ileus, in
which the fluid accumulating in the gut lumen has,
like urine in the bladder, been lost from the ECE,

e severerenal tubular damage with minimal glomerular
dysfunction, for example the recovery phase of acute
oliguric renal dysfunction, or polyuric chronic renal
dysfunction (see Chapter 3).

Results of isosmolar fluid loss

Hypovolaemia reduces renal blood flow and causes renal
circulatory insufficiency with oliguria with uraemia.
Sodium and water are lost in almost equivalent
amounts, and the plasma sodium concentration is
usually normal; for this reason the patient may not
complain of thirst despite some volume depletion.

Haemoconcentration confirms considerable loss of
fluid other than blood, although its absence does not
exclude such loss.
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Postural hypotension (a fall in blood pressure on
standing) is a relatively early sign of volume depletion,
and tachycardia may also occur.

Changes produced by homeostatic mechanisms

The ability to respond to hormonal homeostatic
changes depends mainly on renal tubular function
and cannot occur if the isosmolar volume depletion
is due to tubular damage. The reduced intravascular
volume impairs renal blood flow and stimulates renin,
and therefore aldosterone, secretion. There is selective
sodium reabsorption from the distal tubules and
therefore a low urinary sodium concentration.

The tendency of the retained sodium to increase
plasma osmolality stimulates ADH secretion, and
water is reabsorbed; this tends to correct the circulating
volume and keep the plasma sodium concentration
normal. Severe intravascular volume depletion may also
stimulate ADH secretion and therefore water retention,
causing mild hyponatraemia. This additional water is
distributed throughout the total body water and moves
from the depleted, and now slightly hypo-osmolar,
ECF into the relatively well-hydrated intracellular
compartment.

Even maximal renal water and sodium retention
cannot correct extrarenal losses that exceed those of
a normal urine output. Water and sodium must be
replaced in adequate amounts.

Effects of intravenous volume replacement

Patients unable to absorb adequate amounts of oral
fluid because of gastrointestinal loss usually need
intravenous replacement.

Fluid replacement in a patient who presents with
hypovolaemia can be monitored by clinical observation
and by measurement of urine output, plasma
electrolytes and urea.

The infusion of protein-free fluid increases the
hydrostatic gradient and reduces the opposing
colloid osmotic gradient by diluting plasma proteins.
The increase in glomerular filtration caused by the
overcorrection of hypovolaemia results in an increase
in urine output, and is a common cause of a low plasma
urea concentration.

Measurement of urinary sodium concentration may
sometimes help. If tubular functionisadequate,a urinary
sodium concentration of less than about 20 mmol/L
suggests that renal blood flow is still low enough to
stimulate maximal renin and aldosterone secretion,
and infusion should be increased. A urinary sodium

concentration greater than 20 mmol/L in a patient with
adequate tubular function suggests overcorrection and
the need to slow the rate of infusion. In cases in which
all losses, other than in sweat, faeces and expired air, can
be measured, further maintenance of normal balance
should be based on accurate fluid balance charts.

For crystalloid resuscitation or replacement,
‘balanced’ solutions, such as Ringer’s lactate/acetate or
Hartmann’s solution, should replace 0.9 per cent saline,
except in cases of hypochloraemia, due for example
to vomiting or gastric drainage or if lactic acidosis is
present. Losses from diarrhoea/ileostomy/small bowel
fistula/ileus/obstruction should be replaced volume for
volume with Hartmann’s or Ringer’s lactate/acetate-type
solutions. ‘Saline depletion’, for example due to excessive
diuretic exposure, is best managed with a balanced
electrolyte solution such as Hartmann’s solution.

Intravenous solutions such as 4 per cent dextrose/
0.18 per cent saline and 5 per cent dextrose are
important sources of free water for maintenance, but
should be used with caution as excessive amounts may
cause dangerous hyponatraemia, especially in children
and the elderly and post-operatively. These solutions are
not suitable for resuscitation or replacement therapy,
except in conditions of significant free water deficit,
such as diabetes insipidus (see Actions of antidiuretic
hormone above).

To meet maintenance requirements, adult patients
should receive sodium 50-100 mmol/day, and
potassium 40-80 mmol/day in 1.5-2.5L water by the
oral, enteral or parenteral route (or a combination of
routes). Additional amounts should only be given to
correct deficit or continuing losses. It is essential to
carefully monitor patients by clinical examination, fluid
balance charts, and regular body weighing if possible.

Predominant sodium depletion

Incorrect intravenous fluid administration

An important and common cause of sodium depletion
is infusion of intravenous fluid of inappropriate
composition. No bodily secretion (other than bile,
which is secreted in very small amounts) has a sodium
concentration significantly higher than that of plasma.
The composition of the fluid is even more important
than the volume.

Patients with isosmolar fluid depletion, or those
recovering from major surgery, may be infused
with fluid such as ‘dextrose saline’, which contains
about 30 mmol/L of sodium. Glucose in the infused
fluid renders it isosmolar despite the low sodium
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concentration, but the glucose is metabolized, and both
plasma sodium concentration and osmolality are diluted
by the remaining hypo-osmolar fluid. Homeostatic
mechanisms tend to correct this hypo-osmolality but
may be overwhelmed if the infusion rate is high. Severe,
and even life-threatening, hyponatraemia can result
from the imprudent administration of hypotonic fluid,
such as 5 per cent dextrose.

Excess hypo-osmolar infused fluid dilutes the
plasma sodium, causing a dilutional hyponatraemia
with hypo-osmolality. The homeostatic mechanisms
that tend to correct this hypo-osmolality involve the
inhibition of ADH secretion. The excess water is lost
in the urine until the restoration of normal plasma
osmolality again stimulates normal ADH secretion.
Correction of osmolality may occur at the expense of
intravascular volume. This would stimulate renin and
aldosterone secretion and sodium would be retained,
with the consequent restoration of osmolality and
normal ADH secretion.

However, if intravascular volume is maintained by
replacing the urinary volume with effectively hypotonic
fluid, hypo-osmolality with hyponatraemia persists and
sodium depletion is aggravated (Fig. 2.6). Restoration
of the plasma volume inhibits renin and aldosterone
secretion and sodium is lost in the urine despite hypo-
osmolality. The net effect of this procedure is the
restoration of circulating volume at the expense of
sodium depletion and cellular overhydration.

The findings include:

e hypo-osmolality,

e alarge volume of dilute urine due to the inhibition
of ADH secretion,

e hyponatraemia.

If fluid intake is excessive, the following may also
occur:

e haemodilution,

e alow plasma urea concentration due to the high GFR
(excessive intravenous infusion is one of the com-
monest causes of a low plasma urea concentration),

e high urinary sodium concentration due to the
inhibition of aldosterone secretion.

During the immediate post-operative period,
pain and stress also stimulate ADH secretion and
therefore water retention; this effect is short lived. Such
hyponatraemia is rarely a problem, but may become so
if hypo-osmolar fluid is being infused. In rare cases it
can then be lethal due to cerebral damage.

Sodium depletion due to failure of homeostatic mechanisms

Aldosterone deficiency, such as occurs in Addison’s
disease, is a rare cause of sodium depletion. Initial
homeostatic reactions tend to maintain osmolality at
the expense of volume (see Chapter 8). Although less
than 1.5 per cent of the filtered sodium is reabsorbed
in the renal distal convoluted tubules, this is where the
fine adjustment is made in the ratio of sodium to water
and therefore to plasma osmolality, and thus normal
cell hydration is safeguarded. If aldosterone cannot
be secreted normally in response to appropriately
increased amounts of renin and angiotensin, this
adjustment cannot be made (Fig. 2.7). Under such
circumstances, although a greater proportion of
sodium may be reabsorbed from the proximal tubules,
there may still be relative sodium deficiency and
hypovolaemia. Initially plasma osmolality and therefore
plasma sodium concentration are maintained by water
loss; loss of relatively more sodium than water reduces
plasma osmolality and cuts off ADH secretion. Later,
hypovolaemia stimulates ADH secretion, with water
retention in excess of sodium; dilutional hyponatraemia
may occur despite intravascular volume depletion.

The clinical features include circulatory insufficiency
with postural hypotension and the following findings:

e haemoconcentration due to fluid depletion,

e renal circulatory insufficiency with mild uraemia
due to volume depletion,

e an inappropriately high urinary sodium
concentration in the presence of volume depletion,

o dilutional hyponatraemia and hyperkalaemia.

Predominant water depletion
Predominant water depletion is caused by loss of
water in excess of sodium. It is usually due to loss of
fluid that has a sodium concentration less than that
of plasma, deficient water intake, or both. The rise in
extracellular osmolality stimulates both ADH secretion
(which minimizes water loss) and thirst. Laboratory
abnormalities are most marked if the patient is unable
to respond to thirst.

The causes of predominant water depletion can be
divided into the following groups.

Predominant water depletion with normal homeostatic
mechanisms (Fig. 2.8)
o Excessiveloss of fluid that hasa sodium concentration
less than that of plasma. The causes include:
— loss of excessive fluid stools of low sodium
concentration, usually in infantile gastroenteritis,
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— excessiverespiratorylossduetohyperventilation
in, for example, pneumonia,
— loss of gastric fluid,
— loss of large amounts of sweat, such as in
pyrexial patients,
— loss of fluid from the body surface after
extensive burns.
e Deficiency of water intake as a result of inadequate
water supply, or mechanical obstruction to its
intake.

Failure of homeostatic mechanisms controlling water retention

e Inadequate response to thirst:
— in comatose or confused patients,
— in infants,
— caused by damage to the cerebral thirst centre
(rare).

e Excess water loss due to polyuria:

— osmotic diuresis, which can be caused by
hypertonic intravenous infusions, such as
parenteral nutrition tissue damage and hence
increased production of urea from protein,
and glycosuria in severe diabetes mellitus with
a very high plasma glucose concentration.

Failure of homeostatic mechanisms involving antidiuretic
hormone (Fig. 2.9)

These syndromes are relatively rare and include the
following:

e Cranial diabetes insipidus, a syndrome associated
with impairment of ADH secretion. It may be
idiopathic in origin or due to either pituitary or
hypothalamic damage caused by head injury or by
invasion of the region by tumour or infiltration.
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Figure 2.8 Homeostatic correction of predominant water depletion. Reduced circulating water volume and
hypernatraemia, due to water depletion, stimulate aldosterone and antidiuretic hormone (ADH) secretion.
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Diabetes insipidus following a head injury may
present with polyuria, and then pass through a
temporary ‘recovery’ phase following transient
release of ADH from the remaining granules in the
pituitary stalk; this results in water retention and
occasionally causes a dilutional hyponatraemia.
Some patients with diabetes insipidus due to trauma
recover partially or completely as cerebral oedema
resolves. There is a hereditary autosomal dominant
form of cranial diabetes insipidus due to mutations
in the arginine vasopressin—neurophysin II gene.
In addition, there is the autosomal recessive form
DIDMOAD (diabetes insipidus, diabetes mellitus,
optic atrophy and deafness — see Chapter 12), due to
mutations in the wolframin gene.

e Nephrogenic diabetes insipidus is caused by the
reduced action of ADH on the renal collecting ducts.
The disorder may be either familial or acquired.
There is an X-linked recessive form due to mutations
in the vasopressin type 2 (V2) receptor gene and also
an autosomal recessive form due to mutations in the
aquaporin 2 gene (chromosome 12), which codes
for the vasopressin-dependent water channel in the
renal collecting ducts. Causes of secondary acquired
diabetes insipidus include:

— drugs, such as lithium carbonate, amphotericin
or demeclocycline, which interfere with the
action of ADH causing the clinical picture of
nephrogenic diabetes insipidus,

— hypercalcaemia or hypokalaemia, both of which
impair the urine-concentrating mechanism
and may present with polyuria.

Water deficiency without thirst is called adipsic, or
hypodipsic, hypernatraemic syndrome or essential
hypernatraemia, and is thought to be due to a
hypothalamic disorder. In this syndrome there is a lack
of thirst without polyuria.

Features of predominant water depletion
The immediate effects of water depletion result in:

o loss of water in excess of sodium: the plasma
sodium concentration, and therefore osmolality,
increases,

e reduction of circulating volume, which reduces
renal blood flow and stimulates aldosterone
secretion; sodium is retained and hypernatraemia is
aggravated.

Compensatory effects occur because the increase in
the plasma osmolality stimulates:

o thirst, increasing water intake, if water is available
and if the patient can respond to it,

e ADH secretion: urinary volume falls and water loss
through the kidney is reduced.

If an adequate amount of water is available, depletion
is rapidly corrected. If there is an inadequate intake
to replace the loss, hypernatraemia may occur before
clinical signs of volume depletion are detectable. The
clinical features of predominant water depletion include:

o thirst,

e oliguria and concentrated urine due to ADH
secretion,

o later — signs of volume depletion: the signs of
intravenous volume depletion are relatively less than
isotonic fluid loss as the deficit is distributed across
TBW space.

Conversely, the clinical features differ if there is ADH
deficiency, and include polyuria and dilute urine. The
laboratory findings are:

e hypernatraemia,

e haemoconcentration due to fluid depletion,

e mild uraemia due to volume depletion and therefore
low GFR,

e high urinary osmolality and urea concentration due
to the action of ADH,

e low urinary sodium concentration in response to
high aldosterone levels stimulated by the low renal
blood flow.

Water and sodium excess

An excess of water or sodium is usually rapidly
corrected. Syndromes of excess are usually associated
with impaired homeostatic mechanisms. These can be
conveniently classified into those with:

e oedematous states,

e predominant sodium excess, which may be caused
by hyperaldosteronism or, in mentally disturbed
subjects, by excessive salt intake or by deliberate salt
poisoning as infants; there may be hypernatraemia,

e predominant water excess, which may result from
excessive ADH secretion or increased water intake
and usually results in hyponatraemia.

Oedematous states (increased interstitial fluid)

Volume excess not primarily due to an osmotic difference
across cell membranes may cause hypertension and
cardiac failure. Oedema occurs only if:
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e the capillary hydrostatic pressure is increased, as in
congestive cardiac failure,

e the capillary colloid osmotic pressure is reduced due
to hypoalbuminaemia.

Laboratory  findings are characteristic  of
haemodilution and, unless there is glomerular
dysfunction, plasma urea concentrations tend to be low.

Some factors that increase fluid accumulation in the
interstitial space are summarized in Box 2.1.

Secondary aldosteronism

By convention, the term secondary aldosteronism
usually refers to the clinical condition in which long-
standing aldosterone secretion is stimulated by the
renin—angiotensin system following a low renal blood
flow (Fig. 2.10). This may be due to local abnormalities
in renal vessels or to a reduced circulating volume and
is therefore usually associated with the following:

p
Box 2.1 Some factors that increase the

accumulation of fluid within the interstitial
space (oedema)

Decrease in colloid osmotic pressure gradient
Decrease in plasma albumin concentration
Increase in capillary permeability to albumin
‘Shock’ and any severe illness
Infection with inflammationand therefore increased
Permeability of the capillary endothelium

Increase in hydrostatic pressure gradient
Heart failure with sodium retention

e Redistribution of ECEF, leading to a reduced plasma
volume despite a normal or even high total ECF
volume. The resulting conditions may be caused by
a reduction in plasma colloid osmotic pressure, and
are therefore associated with low plasma albumin
concentrations. Oedema is present. Persistent
hypoalbuminaemia may be due to liver disease,
nephrotic syndrome or protein undernutrition.

e Cardiac failure, in which two factors may reduce
renal blood flow and a third factor aggravates the
hyperaldosteronism:

— a low cardiac output results in poor renal
perfusion,

— an increased capillary hydrostatic pressure in
cardiac failure may cause the redistribution of
fluid into the interstitial space, with oedema,

— both impaired catabolism of aldosterone
and elevated plasma atriuretic peptide
concentration may aggravate the condition.

e Damage to renal vessels, reducing renal blood flow.
These conditions are rarely associated with oedema
and include:

— essential hypertension,

— malignant hypertension,

— renal hypertension, such as that due to renal
artery stenosis.

The reduced renal blood flow stimulates aldosterone
secretion, with enhanced sodium reabsorption
from the distal convoluted tubules and subsequent
water retention. These processes tend to restore the
intravascular volume. If there is hypoalbuminaemia
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Figure 2.10 Effect of secondary aldosterone secretion. Decreased effective intravascular volume increases renin and
aldosterone secretion; if pronounced, antidiuretic hormone (ADH) secretion may be increased and thirst stimulated,
resulting in hyponatraemia despite an increase in total body sodium. (Shading indicates primary change.)
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or heart failure, more fluid passes into the interstitial
fluid as the retained water dilutes the plasma albumin
concentration and therefore lowers the colloid
osmotic pressure and raises the capillary hydrostatic
pressure. The circulating volume can be maintained
only by further fluid retention. A vicious cycle leads
to the accumulation of excess fluid in the interstitial
compartment (oedema).

Initially, this cycle stimulatesa parallel increase in water
and sodium retention, with normonatraemia. However,
stimulation of ADH secretion by hypovolaemia, if long
standing, may cause enough sodium-free water retention
to produce mild hyponatraemia despite the excess of
total body sodium. Angiotensin II also stimulates thirst
and therefore increases water intake.

Hypokalaemia is less common in secondary than
in primary hyperaldosteronism, perhaps because the
low GFR reduces the amount of sodium reaching the
distal tubules and therefore the amount available for
exchange with either hydrogen or potassium ions (see
Chapters 4 and 5). However, if reabsorption of sodium
without water is inhibited by loop diuretics, potassium
depletion occurs more readily than in subjects without
hyperaldosteronism.

The clinical features found in these patients are
those of the underlying primary condition. Laboratory
findings include:

e normonatraemia or hyponatraemia,

e alow urinary sodium concentration,

e those due to the primary abnormality, such as
hypoalbuminaemia.

Predominant excess of sodium

Predominant sodium excess is rare. It is usually caused
by inappropriate secretion of aldosterone, such as in
primary hyperaldosteronism (Conn’s syndrome), or by
glucocorticoids, as in Cushing’s syndrome (see Chapter
8). In these syndromes, sodium retention stimulates
the retention of water, minimizing changes in plasma
sodium concentration. Sodium excess can also be
caused by excessive sodium intake.

Primary hyperaldosteronism (Conn’s syndrome)

About 50 per cent of cases of this syndrome are due to
a single benign adenoma of the glomerulosa cells of
the adrenal cortex; about 10 per cent of adenomas are
multiple, and most of the remaining cases are associated
with bilateral nodular hyperplasia of the adrenal
cortex. Rarer causes include aldosterone-producing
carcinoma of the adrenal gland or ectopic aldosterone-
secreting tumours. Another rare form is glucocorticoid-
suppressible hyperaldosteronism. In all these conditions,
aldosterone secretion is relatively autonomous (Fig. 2.11):

e Aldosterone excess causes urinary sodium retention.

e The rise in plasma sodium concentration stimulates
ADH secretion and water retention.

e Water retention tends to restore plasma sodium
concentrations to normal.

e Aldosterone secretion is not subject to normal
feedback suppression. Its action causes sodium and
water retention at the expense of potassium loss;
hypokalaemic alkalosis is common (see Chapters 3,
4 and 5).
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Figure 2.11 Effect of primary aldosteronism (Conn’s syndrome). Aldosterone secretion is relatively autonomous,
causing sodium retention and increasing the plasma osmolality. This stimulates antidiuretic hormone (ADH)
secretion. The increase in intravascular volume inhibits renin secretion. (Shading indicates primary change.)
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The typical clinical features of primary hyper-
aldosteronism are those of hypervolaemia (patients
have mild to moderate hypertension but are rarely
oedematous) and those associated with hypokalaemia.
The laboratory findings include the following:

e A plasma sodium concentration that may be
within the higher reference range but may show
hypernatraemia.

e Hypokalaemic alkalosis (low plasma potassium and
raised plasma bicarbonate concentrations) due to
excess aldosterone secretion:

— aurinary potassium concentration greater than
about 20 mmol/L, indicating kaliuria (urinary
potassium loss) in the face of hypokalaemia
(see Chapter 5),

— alow urinary sodium concentration in the early
stages; later, sodium excretion may rise, possibly
because of hypokalaemic tubular damage.

These findings in a patient without an obvious
reason for potassium loss and with mild to moderate
hypertension suggest the diagnosis of primary
hyperaldosteronism. The finding of high plasma
aldosterone with low renin activity confirms the
diagnosis; in secondary aldosteronism both the plasma
aldosterone concentration and renin activity are high,
although various antihypertrensive drugs may interfere
with these tests (see Chapter 8, Investigation of a patient
with suspected primary hyperaldosteronism).

Cushing’s syndrome

This results from glucocorticoid excess, such as is
found with adrenal or pituitary adenomas, ectopic
adrenocorticotrophic hormone (ACTH) secretion or

iatrogenically in patients treated with glucocorticoids
(see Chapter 8).

Increased sodium intake
Sodium excess may be due to increased sodium intake,
such as excessive salt intake or overenthusiastic infusion
of saline or sodium-containing solutions, such as sodium
bicarbonate, or infusion of sodium salts of antibiotics.
Hpyperosmolar saline is dangerous if used as an emetic
in cases of poisoning. The movement of water into the
gut along the osmotic gradient and absorption of some
of the sodium can cause marked hypernatraemia.
Death has occurred as a consequence of this practice,
particularly when patients could not respond to
hyperosmolality by drinking because of vomiting or
because they were unconscious.

Predominant excess of water

Predominant water overload may occur in
circumstances in which normal homeostasis has failed,
for example in the following:

e If fluid of low sodium concentration, such as
5 per cent dextrose, has been infused, especially in
the post-operative period or if there is glomerular
dysfunction (see Fig. 2.12 and Chapter 3).

e Ifthereis‘inappropriate’ ADH secretion. Antidiuretic
hormone release may be stimulated by stress, such as
that due to pain, nausea, chest infection and cerebral
trauma (Box 2.2).

Hormone secretion is defined as inappropriate
if it continues when it should be cut off by negative
feedback control, in this case by a low plasma
osmolality. Like many other peptide hormones, ADH
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Figure 2.12 Homeostatic correction of water excess. Increased intravascular water volume, with decreased plasma
osmolality, inhibits aldosterone and antidiuretic hormone (ADH) secretion. (Shading indicates primary change.)
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Box 2.2 Some causes of hyponatraemia
due to the syndrome of inappropriate
antidiuretic hormone secretion (SIADH)

Stress/nausea/vomiting/pain

Post-operation/trauma

Infections, e.g. pneumonia

Ectopic secretion by tumours, e.g. small cell lung
carcinoma

Central nervous system disease, e.g. meningitis or
stroke

Acute porphyria

Drugs, e.g.vincristine, chlorpropamide, carbamazepine,
non-steroidal anti-inflammatory drugs, certain anti-
depressants, oxytocin and opiates

can sometimes be synthesized by non-endocrine
malignant cells, such as small cell (oat cell) carcinoma
of the lung, and released ectopically. Inappropriate
secretion of ADH, from the pituitary or hypothalamus,
and therefore not ‘ectopic’ is very common in many
illnesses, such as disorders of the pulmonary and
central nervous systems.

The diagnosis of SIADH is usually made by finding
a urinary sodium concentration more than 20 mmol/L
in the presence of euvolaemic hyponatraemia or low
plasma osmolality and in the absence of hypovolaemia,
oedema, impaired renal function, diuretic usage,
adrenal insufficiency or hypothyroidism. According
to the Bartter and Schwartz criteria for SIADH, the
urinary osmolality is inappropriately concentrated in
relation to the plasma osmolality, that is, in the hypo-
osmolar state the urine is not maximally diluted. In
SIADH, the GFR is usually high, and plasma urea and
urate concentrations tend to be low:

e During the intravenous administration of the
posterior pituitary hormone oxytocin (Syntocinon)
to induce labour (see Chapter 7). Oxytocin has an
antidiuretic effect similar to that of the chemically
closely related ADH. If 5 per cent dextrose saline
is used as a carrier, the glucose is metabolized and
the net effect is retention of solute-free water. Death
from acute hypo-osmolality has resulted after
prolonged infusion; oxytocin should be given in the
smallest possible volume of isotonic saline, and the
fluid balance and plasma sodium concentrations
should be monitored carefully.

o Excess water intake can also occur if water intake
exceeds water clearance (about 20L/day), for

example in beer potomania (excess beer intake) or
psychogenic polydipsia.

e TURP (transurethral resection of the prostate)
syndrome: water intoxication caused by an overload
of hypotonic irrigation fluid (such as glycine)
absorption from the open prostatic sinusoids during
the procedure.

Features of water excess

In the presence of normal homeostatic mechanisms,
excessive water intake:

e tends to lower plasma sodium concentration, leading
to hyponatraemia,

e increases renal blood flow and cuts off aldosterone
secretion, increasing urinary sodium loss and
therefore further decreasingits plasma concentration,

e lowers plasma osmolality and therefore cuts off ADH
secretion; a large volume of dilute urine is passed.

When glomerular function is impaired, the excretion
of excess water may be limited. If there is appropriate
ADH secretion, or if oxytocin is being infused, for
example during labour, water retention continues
despite the low plasma osmolality, and compensation
cannot occur.

Hyponatraemia

Hyponatraemia is usually caused by excessive water
relative to sodium within the extracellular compartment
or, more rarely, by sodium deficiency, and may reflect
extracellular hypo-osmolality (Box 2.3). If this is the
case, it may cause cellular overhydration. However,
hyponatraemia associated with a normal plasma
osmolality may occur in the following situations:

o Artefactual hyponatraemia may be due to blood
being taken from the limb into which fluid of low
sodium concentration, such as 5 per cent dextrose,
is being infused.

e Pseudohyponatraemia may be due to gross
hyperlipidaemia or to hyperproteinaemia. The
sodium concentration in plasma water, and therefore
the osmolality at cell membranes, may then be
normal (see Fig. 2.2).

e Appropriate hyponatraemia may be due, for example,
to hyperglycaemia, acute uraemia, the infusion of
amino acids or mannitol, a high plasma alcohol
or other solute concentrations (redistributive
hyponatraemia). All these may increase extracellular
osmolality; the consequent homeostatic dilution
of total extracellular solute concentration towards
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CASE 1

Box 2.3 Some causes of hyponatraemia

A 74-year-old retired man presented to his general
practitioner with haemoptysis and weight loss. He
had smoked 20 cigarettes a day for 55 years. Chest
radiograph revealed a left upper lobe shadow, and
bronchoscopy confirmed a primary lung carcinoma.
His blood pressure was 132/80 mmHg and clinically
he was euvolaemic. There was no evidence of adrenal
insufficiency or thyroid disease and he was not taking
any medications. Some results were as follows:

Plasma
Sodium 112 mmol/L (135-145)
Potassium 3.6 mmol/L (3.5-5.0)

Urea 3.6 mmol/L (2.5-7.0)
Creatinine 98 pmol/L (70-110)

Urine
Spot sodium 58 mmol/L

DISCUSSION

The most likely explanation for the severe
hyponatraemia is syndrome of inappropriate
antidiuretic hormone secretion (SIADH). Some
lung carcinomas ectopically release ADH. Note that
the patient was clinically euvolaemic and there was
no other evidence of other causes of euvolaemic
hyponatraemia, such as adrenal insufficiency or
hypothyroidism. Theurinarysodium concentrationis
inappropriate for the hyponatraemia (>20 mmol/L).

normal causes hyponatraemia, which reflects partial
or complete compensation of hyperosmolality rather
than hypo-osmolality.

The infusion of isosmolal sodium-containing fluids
with the aim of ‘correcting artefactual, appropriate
or  pseudohyponatraemia is  dangerous. ~When
hyponatraemia reflects true hypo-osmolality, cerebral
cellular overhydration may cause headache, confusion,
fits and even death. If the plasma sodium concentration
falls slowly over days or weeks, the brain can compensate
by the redistribution of water and solute between the
intracellular and extracellular fluid. However, if the
plasma sodium concentration declines rapidly over
24-48h, these processes are inefficient and cerebral
oedema can occur. Cerebral pontine myelinolysis can
occur if the plasma sodium concentration is corrected
too rapidly, before redistribution can be reversed. The
rapid change in osmolality causes focal demyelination

Plasma osmolality normal or increased
Pseudohyponatraemia
Severe hyperlipidaemia or hyperproteinaemia
Artefactual, e.g. drip arm
Appropriate hyponatraemia
Acute uraemia
Hyperglycaemia
Infusion of amino acids or mannitol
Alcohol excess
Sick cell syndrome

Plasma osmolality low
Hypovolaemic (decreased extracellular volume)
Non-renal losses, e.g. vomiting, diarrhoea
Renal losses, e.g. diuretics or salt-losing nephropathy
Adrenal insufficiency (Addison’s disease)
Euvolaemic
Excess fluid replacement, e.g. hypotonic (sodium-
free) 5 per cent dextrose
Syndrome of inappropriate antidiuretic hormone
secretion (SIADH; see Box 2.2)
Severe hypothyroidism (rare)
Potomania or psychogenic polydipsia
Hypervolaemic (increased extracellular volume)
Congestive cardiac failure
Nephrotic syndrome
Cirrhosis and ascites

in the pons and extrapontine regions, which may lead
to hypotension, seizures, quadriparesis and death.

Some causes of hyponatraemia are shown in Box 2.3.

These can be conveniently grouped into hypovolaemic,
euvolaemic and hypervolaemic forms, based on the
clinical features:

Hypovolaemic hyponatraemia The TBW decreases
although the total body sodium decreases to a larger
extent. Thus the ECF volume is decreased.
Euvolaemic hyponatraemia Total body sodium is
normal, while TBW increases. The ECF volume is
slightly increased but there is no oedema. One cause
is SIADH (Box 2.2).

Hypervolaemic  hyponatraemia The total body
sodium increases but TBW increases to a greater
extent. The ECF is markedly increased and oedema
is present.

Investigation of hyponatraemia (Fig. 2.13)

Exclude artefactual hyponatraemia when blood is
taken from the vein into which fluid is being infused.
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Figure 2.13 Summary algorithm for the investigation of hyponatraemia.
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This occurs whether the blood is taken close to the
site of infusion, where the infused fluid is at a higher
concentration than in the rest of the circulation.

e Is there hyperlipidaemia or hyperproteinaemia?
Exclude pseudohyponatraemia when plasma
osmolality is normal.

e Assess the patient’s medication history, including
intravenous fluid therapy and also alcohol intake.

e Hyperglycaemia can result in excessive extracellular
solute and water shift out of cells:

Corrected sodium concentration = [glucose]
4 (2.3)
+ measured [sodium] (mmol/L)

e Abnormal electrolyte shifts may occur very rarely in
critically ill patients (the sick cell syndrome).

e It is important to exclude adrenal insufficiency
(Addison’s disease) and severe hypothyroidism (see
Chapters 8 and 11). These are rare causes.

e Clinically assess the state of the ECF volume;
is there obvious hypovolaemia, euvolaemia or
hypervolaemia?

— If there is obvious hypovolaemia, check the
sodium concentration in a random urine
specimen (assuming not on a diuretic): if it is
less than or equal to 20 mmol/L, it is suggestive
of extrarenal sodium loss; if it is more than
20 mmol/L, it suggests renal sodium loss.

— If the patient is clinically euvolaemic, check a
random urinary sodium concentration: if it
is less than or equal to 20 mmol/L, consider
acute water overload, for example due to
the administration of too much fluid post-
operatively; if it is more than 20 mmol/L,
consider SIADH (see Box 2.2).

— If the patient is oedematous and is not in
cardiac or renal tubular failure, consider
nephrotic syndrome.

See Box 2.3 for some of the other causes of
hyponatraemia.

Treatment of hyponatraemia

It cannot be stressed too strongly that treatment
should not be based on plasma sodium concentrations
alone. Hyponatraemia per se only rarely needs to be
treated. Ignorance of the causes of hyponatraemia is,
unfortunately, still common. For example, iatrogenic
post-operative hyponatraemia due to the injudicious
use of intravenous isotonic dextrose is still encountered

and can result in neurological damage or death.
Menopausal women, children and the elderly are
especially susceptible to hyponatraemia, particularly
if they are taking diuretics or certain antidepressant
drugs. Furthermore, there is also misunderstanding
about the most appropriate treatment of severe
hyponatraemia: rapid correction can cause cerebral
pontine myelinolysis, and correction that is too slow
may allow cerebral oedema to develop; because of these
risks, treatment should be instigated by experts on a
high-dependency unit.

Severe hyponatraemia known to have been present
for less than 48h should be treated as a medical
emergency; because of the danger of brainstem
herniation, the aim should be to abolish symptoms
or to raise the plasma sodium concentration to about
125mmol/L. Some people recommend infusion of
sodium at the rate of 1 or 2mmol/h. Patients with
signs of acute brainstem herniation such as coma or

CASE 2

A 74-year-old woman underwent a left total hip
replacement and had received 5L of 5 per cent
dextrose intravenously over one day. She had the
following post-operative results:

Plasma

Sodium 117 mmol/L (135-145)
Potassium 3.7 mmol/L (3.5-5.0)
Urea 3.4 mmol/L (2.5-7.0)
Creatinine 76 pmol/L (70-110)

The pre-operative results were as follows:

Plasma

Sodium 138 mmol/L (135-145)
Potassium 4.2 mmol/L (3.5-5.0)
Urea 5.6 mmol/L (2.5-7.0)
Creatinine 90 pmol/L (70-110)

DISCUSSION

The patient was being infused with large amounts of
5 per cent dextrose intravenously. This was the most
likely cause of her post-operative hyponatraemia.
The administration of hypotonic and sodium-free
fluid was causing a dilutional hyponatraemia. This
is a particularly dangerous practice post-operatively,
when antidiuretic hormone (ADH) secretion is
increased due to the stress of the operation and of
nausea and pain, thus increasing the likelihood of
water retention.
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seizures may need twice-normal (hypertonic) saline
rapidly to correct plasma sodium concentration to
about 120 mmol/L; only enough should be given to
stop neurological symptoms.

Conversely, similar severe degrees of hyponatraemia
that are known to have been present for more than 48 h
and without clinical evidence of cerebral oedema can
be treated by slow infusion of 0.5 mmol/L per hour until
the plasma concentration reaches 130 mmol/L. Normal
(isotonic) or hypertonic saline should be infused, and
fluid restriction or administration of loop diuretics
depends on the severity of the hyponatraemia. Close
monitoring of plasma (hourly) and urinary sodium is
required to ensure safe correction.

If the patient is not dehydrated and SIADH has been
diagnosed, fluid intake restriction to 800-1000 mL/day
may be indicated. Administration of demeclocycline, by
antagonizing theaction of ADH on renal tubules, may also
help but may have side effects such as photosensitivity.
Recently vasopressin 2 receptor antagonists such
as tolvaptan have been used to treat SIADH and
hyponatraemia of cardiac failure and cirrhosis.

Remember, when considering intravenous sodium
treatment, that:

e 0.9 per cent (normal) saline contains 154 mmol/L of
sodium,

e 1.8 per cent (twice-normal) saline contains
308 mmol/L of sodium.

Sodium (Na) requirement

=TBW X desired [Na] — current [Na] (2.4)

TBW = body weight (kg) X %water (2.5)

where,
children’s TBW = 0.6 X body weight
adults’ TBW = 0.55 x body weight
elderly people’s TBW = 0.5 x body weight.

The example below shows how to calculate saline
replacement in an elderly patient weighing 80kg with
symptomatic severe hyponatraemia of 110mmol/L.
The patient is euvolaemic and the aim is for plasma
sodium of 125 mmol/L.

Sodium requirement = 80 X 0.5 X (125-110)

= 600 mmol (2.6)

If you aim to give treatment over 30h = 20 mmol/h
of sodium. That is 20 X 1000/154 mL of normal saline
an hour = approximately 130mL, or 65mL/h twice-
normal saline.

Increased plasma [Na+]

Increased plasma osmolality

7N

Thlrst Increased ADH release

Increased H 0 intake Increased H, 0 retention

Nl

Correction of plasma osmolality

Correction of plasma [Na+]

Figure 2.14 Homeostatic mechanisms involved in the
correction of hypernatraemia. ADH, antidiuretic hormone.

Hypernatraemia (Fig. 2.14)

Hypernatraemia always reflects hyperosmolality if
artefactual causes such as the use of sodium heparin
as an anticoagulant in the specimen container have
been excluded. Severe hypernatraemia can never
be appropriate to the osmolal state; the plasma
concentrations of solutes other than sodium are very
low and do not contribute significantly to the plasma
osmolality. For example, although hyperglycaemia
can increase the plasma osmolality by as much as
50 mmol/kg (about 17 per cent of the ‘normal’ plasma
osmolality), complete absence of glucose would reduce
it by only about 5mmol/kg (about 2 per cent).

The symptoms associated with hypernatraemia may
include weakness, malaise, mental confusion, delirium
and coma.

Some causes of hypernatraemia are shown in
Box 2.4. These can also be grouped into euvolaemic,
hypovolaemic and hypervolaemic forms, based on the
clinical features.

Investigation of hypernatraemia (Fig. 2.15)

e Remember that hypernatraemia is most commonly
due to predominant loss of water rather than to
excess of sodium.

o Is fluid of high sodium concentration being infused?
Much less commonly there may be a very high oral
sodium intake, but this is often deliberate. Some
antibiotics have a high sodium content.

e Clinically assess the patient’s state of hydration and
fluid balance.
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p
Box 2.4 Some causes of hypernatraemia )
Artefactual hypernatraemia Renal losses of water
The use of sodium heparin as an anticoagulant Osmotic diuresis such as glycosuria, increased urea
Water deficit greater than sodium deficit (hypovolaemic) load , ,

Poor intake Diabetes insipidus (cranial or nephrogenic)
Unavailability of water Excessive sodium retention (sodium gains greater than
Failure to drink water gains — hypervolaemic)

Unconsciousness or confusion Excessive sodium intake
Infants Hypertonic saline
Damage to thirst centre Excess sodium bicarbonate administration

Renal loss Accidental or deliberate salt ingestion
Osmotic diuretics, post-obstructive diuresis Drugs containing sodium, e.g. carbenicillin

Extrarenal loss Excess mineralocorticoid
Diarrhoea, fistulas, vomiting, major burns Conn’s syndrome

Impaired water retention (euvolaemic) Cushing’s syndrome

Extrarenal loss
Increased insensible loss, e.g. hyperventilation

‘ Hypernatraemia ‘

v

’ Excessive sodium intake ‘
[

: ]

Clinical assessment of
extracellular fluid volume

v
v v

‘ Hypovolaemic/euvolaemic ‘ ‘ Hypervolaemic ‘
‘ Polyuria evident? ‘ Consider
mineralocorticoid
* excess
(see Box 2.4)
Yes

Measure urine/plasma Consider extrarenal

osmolality ratio loss of water or poor

¢ intake (see Box 2.4)
Consider Consider
diabetes osmotic
insipidus diuresis

(see Box 2.5) (see Box 2.5)

Figure 2.15 Summary algorithm for the investigation of hypernatraemia.



30

Water and sodium

e Is there polyuria? If so, look for evidence of diabetes
insipidus. Determine the ratio of urinary to plasma
osmolality (see later).

e If there is mild hypernatraemia with hypokalaemia
and hypertension, consider mineralocorticoid excess,
due, for example, to administration of steroids or to
Cushing’s syndrome or primary hyperaldosteronism.

Other causes of hypernatraemia are shown in Box
2.4, and may be clinically obvious.

CASE 3

A 5-year-old girl was admitted to hospital because
of a 4-day history of diarrhoea and vomiting.
On examination she was found to be clinically
‘dehydrated’ with loss of skin turgor; her pulse was
120 beats/min and her blood pressure 74/50 mmHg.
Her admission results were as follows:

Plasma

Sodium 167 mmol/L (135-145)
Potassium 3.0 mmol/L (3.5-5.0)
Urea 19 mmol/L (2.5-7.0)
Creatinine 110 pmol/L (70-110)

Urine
Spot sodium < 10 mmol/L

DISCUSSION

The severe hypernatraemia is in keeping with
hypotonic fluid loss due to the diarrhoea and
vomiting. The loss of skin turgor, tachycardia and
hypotensionsuggesthypovolaemia. Thelowurinary
sodium concentration indicates renal sodium
conservation. Children are particularly susceptible
to hypernatraemia induced by hypotonic fluid loss.

Treatment of hypernatraemia

If the hypernatraemia is due to water depletion, oral
repletion is the treatment of choice. If thisis not possible,
fluid of low sodium concentration, such as 5 per cent
dextrose saline, should be infused slowly. The aim
should be to lower the plasma sodium concentration at
no more than 1-2mmol/L per hour or less, especially if
the hypernatraemia is long standing.

In hypervolaemic hypernatraemia, the
hypernatraemia may improve if patients reduce their
voluntary salt intake. The management of primary
hyperaldosteronism (Conn’s syndrome) and Cushing’s
syndrome is discussed in Chapter 8. Cranial diabetes

insipidusisusuallytreated with desmopressin. Hereditary
nephrogenic diabetes insipidus can be difficult to treat,
although thiazide diuretics or prostaglandin inhibitors
such as indometacin have been used.

Investigation of polyuria (Fig. 2.16)

The causes of polyuria are given in Box 2.5. Polyuria is
usually defined as more than 3L of urine per day. The
causes and investigation of anuria (no urine) or oliguria
(less than 400 mL/day) are discussed in Chapter 3.

o Take a clinical history and examine the patient:

— Distinguish between true polyuria (check 24-h
urinary volume) and frequency (a normal 24-h
volume but abnormally frequent micturition).
A midstream urine specimen may be useful to
exclude urinary tract infection as a cause of
urinary frequency.

— Is the patient taking diuretics? Consider other
drugs, for example lithium or demeclocycline.

Box 2.5 Some causes of polyuria

Increased fluid intake (oral or intravenous)
Oral or intravenous therapy
Thyrotoxicosis
Psychogenic polydipsia
Osmotic diuresis
Endogenous substances
Glycosuria
Uraemia
Exogenous substances
Mannitol infusion (used therapeutically)

Impaired antidiuretic hormone production (cranial
diabetes insipidus)
Congenital
Acquired
Cerebral trauma
Infection
Cerebral tumours and other infiltrations
Drugs and other agents, e.g. alcohol

Impaired renal tubular response to antidiuretic
hormone (nephrogenic diabetes insipidus)
Congenital
Acquired
Chronic kidney disease with predominant tubular
dysfunction, e.g. interstitial nephritis, medullary
cystic disease
Severe hypercalcaemia or hypokalaemia
Drugs — lithium, demeclocycline

Other drugs
Diuretics
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Figure 2.16 Summary algorithm for polyuria investigation. DDAVP, 1-desamino-8-p-arginine vasopressin.
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— If there is a recent history of oliguric renal
failure, the patient has probably entered
the polyuric phase, and should be treated
accordingly (see Chapter 3).

Exclude chronic kidney disease, hypokalaemia,
hypercalcaemia, adrenal insufficiency and thyrotoxi-
cosis.

Check for causes of an osmotic diuresis such as:

— severe glycosuria due to diabetes mellitus or
infusion of dextrose,

— tissue damage, leading to a high urea load,

— infusion of amino acids, for example during
parenteral nutrition,

— ininfants,consider inborn errors of metabolism
(see Chapter 27),

— osmotic diuretics, for example mannitol.
Accurately monitor fluid intake and output. The
patient should be carefully watched for secret fluid
ingestion (psychogenic polydipsia). Note also that
some patients may even add fluid to their urine or
drink ‘toilet’ water.

Measure plasma urea and creatinine and electrolyte
concentrations:

— Elevated plasma wurea and/or creatinine

concentrations suggest renal impairment.

— Low or low-normal plasma urea or creatinine
concentrations, especially if there is mild
hyponatraemia, suggest that polydipsia is
the primary cause and that the polyuria is
appropriate. Question the patient about his
or her intake in relation to true thirst. Patients
with true psychogenic polydipsia may give
misleading answers.

Measure the urinary and plasma osmolality. In an
osmotic diuresis the urine to plasma osmolality ratio
is usually more than 1.

If urinary osmolality is more than 750 mmol/kg,
a water deprivation test is not usually indicated. A
useful screening test is an early morning urine test.
If it is still not possible to distinguish between
psychogenic polydipsia and diabetes insipidus, contact
the laboratory to arrange a water deprivation test, if
necessary followed by administering 1-desamino-8-
p-arginine vasopressin (DDAVP) (see below). This
may help distinguish cranial diabetes insipidus from
nephrogenic diabetes insipidus (see below).

In difficult cases when diabetes insipidus is suspec-
ted and the water deprivation test has not been
helpful, a hypertonic saline test may be indicated
(see below).

e In cases of cranial diabetes insipidus, a neurological
opinion may be necessary. Is there a possible obvious
cause for diabetes insipidus, such as a head injury?
(See Chapter 7.) Consider brain imaging such as
computerized tomography or magnetic resonance
imaging.

The causes of nephrogenic diabetes insipidus are
given in Box 2.5 (see also Chapter 3).

Water deprivation test

This section should be read in conjunction with Chapter
7, in which pituitary hormonal function is discussed.
The restriction of water intake for some hours should
stimulate posterior pituitary ADH secretion. Solute-
free water is reabsorbed from the collecting ducts
and concentrated urine is passed. Maximal water
reabsorption is impaired if:

e the countercurrent multiplication mechanism is
impaired,
e ADH activity is low.

CASE 4

Below are the pre-operative blood results of a
44-year-old man. The sample was reported by the
laboratory to be grossly ‘lipaemic’.

Plasma

Sodium 118 mmol/L (135-145)
Potassium 4.0 mmol/L (3.5-5.0)
Urea 6.0 mmol/L (2.5-7.0)
Creatinine 95 pumol/L (70-110)
Glucose 4.0 mmol/L (3.5-5.5)
Cholesterol 17.3 mmol/L (3-5)
Triglycerides 68 mmol/L (<1.5)
Osmolality 290 mmol/kg (275-295)

Further tests excluded other common causes of
hyponatraemia.

DISCUSSION

The plasma osmolality was not low despite
hyponatraemia, suggesting pseudohyponatraemia.
This is probably due to the gross lipaemia when
measured by indirect sodium ion-detecting electrodes
which some laboratories use to assay sodium (direct
electrodes do not wusually detect pseudohypo-
natraemia). Note that calculated plasma osmolality
is 2[118 + 4] + 6.0 + 4.0mmol/L = 254 mmol/kg,
which differs markedly from the measured value of
290 mmol/kg.
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If the feedback mechanism is intact, plasma ADH
levels will already be high and the administration
of exogenous hormone will not improve the renal
concentrating power. If diabetes insipidus is the
cause, tubular function will be normal and therefore
the administration of ADH will increase the renal
concentrating ability and increase the urinary
osmolality.

Warning The test is potentially dangerous, and
should not be performed if the patient is volume
depleted or has even mild hypernatraemia as fatality
could result. In such cases the finding of a low urinary
to plasma osmolality ratio (see below) should be
diagnostic, and further fluid restriction may be
dangerous. If the test is necessary, it must be stopped if:

e the patient becomes distressed,

e the plasma osmolality (or sodium concentration)
rises to high or high-normal concentrations — usually
taken as more than 300 mmol/kg; urine and blood
specimens should be collected at once,

e the patient loses more than 3 per cent of his or her
body weight.

Procedure

Always contact the laboratory before starting the test,
both to ensure efficient and speedy analysis and to
checklocal variations in the protocol. The test should be
performed by a clinician experienced in the technique.
Patients are not allowed food or water after about
20.00h on the night before the test. They must be in
hospital and closely observed during the period of fluid
restriction and weighed regularly during the test. The
duration of water deprivation depends on the clinical
presentation and the degree of polyuria.

On the day of the test

08.00h The bladder is emptied. Blood and urine are
collected and plasma and urinary osmolalities are
measured. If the plasma osmolality is low-normal or
low, water depletion is unlikely and polyuria is probably
due to an appropriate response to a high intake. If the
plasma osmolality is high-normal or high and the
urinary osmolality is more than 750 mmol/kg, the test
should be stopped.

09.00h Blood and urine are again collected and the
plasma and urinary osmolalities are measured hourly.

Interpretation (Table 2.5)

The duration of the test depends on changes in the
urinary osmolalities.

e If the urinary osmolality is more than 750 mmol/
kg, neither significant tubular disease nor diabetes
insipidus is likely and the test may be stopped.

e If the urinary osmolality is less than 750 mmol/kg,
and plasma osmolality is normal, fluid restriction
should be continued and the estimations repeated at
hourly intervals. The test should be stopped as soon
as the urinary osmolality exceeds 750 mmol/kg.

e Failure of concentration of three consecutive urine
specimens indicates either tubular disease or diabetes
insipidus. If the diagnosis of diabetes insipidus is
considered, continue with the DDAVP test.

DDAVP test

DDAVP is a potent synthetic analogue of vasopressin.

Procedure

Give 2 ug DDAVP intramuscularly; continue to collect
urine and plasma samples.

Interpretation

If there is tubular dysfunction or nephrogenic diabetes
insipidus, there will be no change in the urinary
osmolality, but the plasma osmolality may increase
owing to water loss during the test. In cranial diabetes
insipidus the urinary osmolality increases, usually to a
value of more than 750 mmol/kg.

After prolonged overhydration, usually due to
psychogenic polydipsia, concentrating power may be
impaired, even after the administration of exogenous
hormone. This is due to ‘washing out’ of medullary
hyperosmolality. The test should be repeated after
several days of relative water restriction. The patient
should be kept under close observation, both for signs
of genuine distress associated with a rise in plasma
osmolality and for surreptitious drinking.

Table 2.5 Summary of the results of water deprivation/
DDAVP tests

Post-water restriction Post-DDAVP
Plasma Urine Urine Interpretation
osmolality osmolality osmolality
(mmol/kg) (mmol/kg) (mmol/kg)
285-295 | >750 >750 Normal
>295 <300 >750 Cranial diabetes insipidus
>295 <300 <300 Nephrogenic diabetes insipidus

DDAVP, 1-desamino-8-p-arginine vasopressin.
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Hypertonic saline test e The patient fasts from midnight.

In some cases in which there is diagnostic difficulty ~® 5 per centsaline s infused (0.04mL/kg per min for 2h).
with the water deprivation test, the hypertonic saline ® Blood samples are taken at baseline and 30-min intervals.
test is used, but expert advice should be sought. This ~ ® Plasma ADH is measured before and after the test
test is sometimes used to make a diagnosis of cranial along with urine and plasma osmolality.

diabetes insipidus in patients with polyuria but normal ~ ® The patient must be closely monitored during the
plasma osmolality. It is potentially dangerous, as fluid test, and the blood pressure and weight recorded.

overload can occur, and therefore should not be used
in patients with cardiac or cerebral disease, or epilepsy.

The test is based on the principle that the infusion
of 5 per cent hypertonic saline, by raising plasma
osmolality, normally causes maximal ADH secretion. It
can be summarized as follows.

Patients with cranial diabetes insipidus have little or
no rise in ADH. Conversely, in nephrogenic diabetes
insipidus there is usually ADH release during the test.

Lewisham Healthcare m

Fluid Chart o.. NHS Trust

Urinalysis Plan: Neutral Balance ves no O
Fluid restricted Yes [ no
D.O.B Positive Amount in mis mls
Negative Amount in mls mis

Name:

Hospital number:

it Previous 24 hour balance [ | mis

INPUT TOTAL BALANCE TOTAL OUTPUT Print Name
IN ouT
Cral Urine

Total

Total

DALY TOTAL

Figure 2.17 Fluid balance chart. It is essential to keep these accurate and regularly updated and reviewed. |
am grateful for the permission of Marian Davies and Dr Marthin Mostert, of University Hospital Lewisham, who
helped design the chart.
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Measurement Guidelines

CONTAINER TYPICAL VOLUME
Vomit Bowl 750 mls
Soup Bowl 150 mls

White Plastic Cup 150 mis

Cup 150 mils

Claar Plastic Glass 200 mls

Feeder Cup 200 mls

Can Soft Drink 350 mis

Carton Supplements 200 mls
Jug 1000 mis (1Litre)

Gallipot 60 mls

Action Record:

Reasons why fluids or feeds are stopped or fluid chart incomplete must be escalated to the

nurse in charge and documented below

Date Time Reasons. Name & Grade of | Time Dutcome Signature
person contacted | contacted

Figure 2.17 Cont.

SUMMARY

o Waterand sodiumhomeostasisareintimatelyrelated,
and it is essential that doctors understand them
when investigating and managing hyponatraemia
and hypernatraemia. Summary algorithms for the
investigation of hyponatraemia and hypernatraemia
are depicted in Figures 2.13 and 2.15.

e Sodium is the main ECF cation and is controlled
by adrenal aldosterone (renal sodium retention if
ECEF falls) and atrial natrial peptides.

e Body water excretion is controlled by ADH
(vasopressin). Decreased ECF volume and increased

ECF osmolality stimulate ADH release from
posterior pituitary gland.

Polyuria (daily urine output more than 3 L) may be
due to failures of renal concentrating ability or lack
of ADH (Fig. 2.16).

Patient fluid balance must be monitored carefully,
with attention to the input and output, particularly
for those on ‘drip’ therapy (Fig. 2.17).

Polyuria (daily urine output more than 3 L) may be
due to failures of renal concentrating ability or lack
of ADH (Fig. 2.16).
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In this chapter kidney function and how it can be
altered in disease states is discussed. It is best read in
conjunction with Chapters 2, 4 and 5. Interpretation
of renal function tests is also discussed.

The kidneys excrete metabolic waste products,
and have an essential homeostatic function in that
they control the body solute and water status and
the acid—base balance. There are about one million
nephrons per kidney, each of which is made up of
five main functional segments (Fig. 3.1).

The glomeruli, in the cortex of the kidney, are
invaginated and surround a capillary network of
blood vessels derived from the afferent, and draining
into the efferent, arterioles. Small molecules and
water are passively filtered during the passage of
blood through these capillaries, the ultrafiltrate
passing through the vessel walls and the glomerular

Glomerulus

Proximal tubule

CORTEX

MEDULLA

Loop of Henle

membranes into the glomerular spaces (Bowman’s
capsules).

The proximal convoluted tubules, also in the cortex,
receive filtrate from the glomerular spaces. Convolution
increases the tubular length and therefore contact
between the luminal fluid and the proximal tubular
cells.

The loops of Henle extend down into the renal
medulla and ascend again after forming the loop.

The distal convoluted tubules, situated in the
cortex, are important for fine adjustment of luminal
fluid. They lie near the afferent arterioles, with the
juxtaglomerular apparatus between them. The enzyme
renin is produced by the latter and its release is
controlled by local blood flow.

The collecting ducts start as the distal tubules lead
down into the medulla and end by opening into the

Efferent arteriole

Juxtaglomerular
apparatus

Distal tubule
Afferent arteriole

Collecting duct

Figure 3.1 The anatomical relation between the nephron and the juxtaglomerular apparatus.
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renal pelvis. The modified fluid from the original filtrate
flows from the collecting ducts into the renal tract.

Normal function of the kidneys depends on the
following:

e an adequate blood supply, which under normal
circumstances is about 20 per cent of the cardiac
output, flowing through the kidneys,

e normal secretion and feedback control of hormones
acting on the kidney,

e the integrity of the glomeruli and the tubular cells.

In addition to the excretory function and acid-
base control, the kidneys have important endocrine
functions, including:

e production of 1,25-dihydroxyvitamin D, the active
metabolite of vitamin D, which is produced following
hepatic hydroxylation of 25-hydroxyvitamin by the
renal enzyme 1-hydroxylase,

e production of erythropoietin, which stimulates
erythropoiesis.

RENAL GLOMERULAR FUNCTION

About 200L of plasma ultrafiltrate usually enter the
tubular lumina daily, mainly by glomerular filtration
into glomerular capsules but also through the spaces
between cells lining the tubules (tight junctions).
Production of ultrafiltrate depends on the blood
flow through normal glomeruli and on the difference
between the hydrostatic pressure gradient and the
plasma effective colloid osmotic (oncotic) pressure
gradient across the membranes (Fig. 3.2) and tight
junctions. The colloid osmotic effect is weak relative
to the hydrostatic gradient but does facilitate some
reabsorption of fluid from the proximal renal tubules.

Afferent Efferent
arteriole arteriole
Blood : ~
flow 4

COLLOID

OSMOTIC
HYDROSTATIC PRESSURE
PRESSURE
Bowman's
capsule

Figure 3.2 The relationship between flow of blood through
the glomerulus and the factors that affect the rate of
filtration across the glomerular basement membrane.

The filtrate contains diffusible constituents at
almost the same concentrations as in plasma. About
30000mmol of sodium, 800mmol of potassium,
800 mmol of urea, 300 mmol of free ionized calcium
and 1000 mmol of glucose are filtered daily. Proteins
(mainly low-molecular-weight proteins) and protein-
bound substances are filtered in only small amounts by
normal glomeruli and most are reabsorbed. The huge
volume of filtrate allows adequate elimination of waste
products such as urea; death from water and electrolyte
depletion would occur within a few hours were the bulk
of this water containing essential solutes not reclaimed.

RENAL TUBULAR FUNCTION

Changes in filtration rate alter the total amount of water
and solute filtered, but not the composition of the filtrate.
From the 200L of plasma filtered daily, only about 2L
of urine are formed. The composition of urine differs
markedly from that of plasma, and therefore of the
filtrate. The tubular cells use adenosine triphosphate-
dependent active transport, sometimes selectively, against
physicochemical gradients. Transport of charged ions
tends to produce an electrochemical gradient that inhibits
further transport. This is minimized by two processes.

Isosmotic transport This occurs mainly in the
proximal tubules and reclaims the bulk of filtered
essential constituents. Active transport of one ion leads
to passive movement of an ion of the opposite charge in
the same direction, along the electrochemical gradient.
The movement of sodium (Na*) depends on the
availability of diffusible negatively charged ions, such
as chloride (CI7). The process is ‘isosmotic’ because the
active transport of solute causes equivalent movement
of water reabsorption in the same direction. Isosmotic
transport also occurs to a lesser extent in the distal part
of the nephron.

Ion exchange This occurs mainly in the more
distal parts of the nephrons and is important for fine
adjustment after bulk reabsorption has taken place.
Ions of the same charge, usually cations, are exchanged
and neither electrochemical nor osmotic gradients are
created.

Therefore, during cation exchange there is
insignificant net movement of anions or water. For
example, Na® may be reabsorbed in exchange for
potassium (K*) or hydrogen (H*) ions. Na® and H*
exchange also occurs proximally, but at that site it is
more important for bicarbonate reclamation than for
fine adjustment of solute reabsorption (see Chapter 4).
In the cells lining the renal tubules, the intestine and
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many secretory organs, the pumps are located on the
membrane on one side of the cell only and therefore
solute flows in one direction.

Other substances, such as phosphate and urate, are
secreted into, as well as reabsorbed from, the tubular
lumen. The tubular cells do not deal actively with waste
products such as urea and creatinine to any significant
degree. Most filtered urea is passed in urine (which
accounts for most of the urine’s osmolality), but some
diffuses back passively from the collecting ducts with
water; by contrast, some creatinine is secreted into the
tubular lumen.

Reclamation of solute from the proximal
tubule

Almost all the potassium is actively reabsorbed from
the proximal tubules, as is more than 70 per cent
of the filtered sodium, free ionized calcium and
magnesium. Some free ionized calcium is reabsorbed
at more distal sites, possibly from the loops of Henle.
This reabsorption may be stimulated by parathyroid
hormone (PTH) and inhibited by loop diuretics such
as furosemide. Only about 2 per cent of filtered calcium
appears in the urine.

Many inorganic anions follow an electrochemical
gradient; the reabsorption of sodium is limited by the
availability of chloride, the most abundant diffusible
anion in the filtrate. Bicarbonate is almost completely
recovered following exchange of sodium and hydrogen
ions (see Chapters 2 and 4). Specific active transport
mechanisms result in the almost complete reabsorption
of glucose, urate and amino acids. Some urate is secreted
into the lumina, mainly in the proximal tubules, but
most of this is reabsorbed.

Phosphate reabsorption is incomplete; phosphate
in tubular fluid is important for buffering hydrogen
ions. Inhibition of phosphate reabsorption by PTH
occurs in both the proximal and the distal convoluted
tubules, and accounts for the hypophosphataemia of
PTH excess. Thus almost all the reusable nutrients and
the bulk of electrolytes are reclaimed from the proximal
tubules, with fine homeostatic adjustment taking place
more distally. Almost all the filtered metabolic waste
products, such as urea and creatinine, which cannot be
reused by the body, remain in the luminal fluid.

WATER REABSORPTION: URINARY
CONCENTRATION AND DILUTION

Water is always reabsorbed passively along an osmotic
gradient. However, active solute transport is necessary

to produce this gradient (see also Chapter 2). Two main
processes are involved in water reabsorption:

e Isosmotic reabsorption of water from the proximal
tubules. The nephrons reabsorb 99 per cent of the
filtered water, about 70-80 per cent (140-160L/day)
of which is returned to the body from the proximal
tubules. Active solute reabsorption from the filtrate
is accompanied by passive reabsorption of an
osmotically equivalent amount of water. Therefore,
fluid entering the lumina of the loops of Henle,
although much reduced in volume, is still almost
isosmotic.

e Dissociation of water reabsorption from that of
solute in the loops of Henle, distal tubules and
collecting ducts. Normally between 40 and 60 L of
water enter the loops of Henle daily. This volume
is reduced to about 2L as varying amounts of
water are reabsorbed, helping to correct for
changes in extracellular osmolality. At extremes
of water intake, urinary osmolality can vary from
about 40 to 1400 mmol/kg. The proximal tubules
cannot dissociate water and solute reabsorption,
and the adjustment must occur between the
end of the proximal tubule and the end of the
collecting duct.

Two mechanisms are involved:

o Countercurrent multiplication is an active process
occurring in the loops of Henle, whereby a high
osmolality is created in the renal medulla and
urinary osmolality is reduced. This can occur in the
absence of antidiuretic hormone (ADH), also called
arginine vasopressin or vasopressin, and a dilute
hypo-osmolal urine is produced.

o Countercurrent exchange is a passive process,
occurring only in the presence of ADH. Water
without solute is reabsorbed from the collecting
ducts into the ascending vasa recta along the osmotic
gradient created by countercurrent multiplication
and by the high osmolality in the medulla, producing
a concentrated urine.

Countercurrent multiplication

This occurs in the loops of Henle. It depends on the
close apposition of the descending and ascending
limbs of the loops to the vasa recta. The vasa recta
make up a capillary network derived from the efferent
arterioles and, like the loops of Henle, pass deep into
the medulla.
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The descending limbs are permeable to water but the
thick ascending limbs are impermeable to water and
solute. Chloride is actively pumped from the thick
ascending to the descending limbs as fluid flows through
the lumina of the loops; positively charged sodium ions
follow along the electrochemical gradient. Thus, the
osmolality progressively increases in the descending
limbs and renal medullary interstitium; it decreases in
the ascending limbs, but, as these are impermeable to
water, this change is not transmitted to the interstitium.

Thealmostisosmolal fluid enters the descendinglimbs
having the same osmolality as the plasma, just under
300 mmol/kg. If the fluid in the loops was stationary and
no pumping had taken place, the osmolality throughout

D A
Impermeable
300 300 to water

the loops and the adjacent medullary tissue would be
about 300 mmol/kg (Fig. 3.3a).

Suppose the fluid column remained stationary and
1 mmol of solute per kilogram were pumped from the
ascending into the descending limb, the result would be
as in Figure 3.3b. If this pumping continued and there
were no flow, the fluid in the descending limb would
become hyperosmolal and that in the ascending limb
correspondingly hypo-osmolal.

Suppose that the fluid flowed so that each figure ‘moved
two places’ (Fig. 3.3c). As this happened, more solute
would be pumped from the ascending to the descending
limbs (Fig. 3.3d). If the fluid again flowed ‘two places) the
situation would be as shown in Figure 3.3e.

D A
Cortex
300 300

300 | 300
Medulla

(a)

Cortex

Medulla 301 «-299

(b)

Medulla

(c)

Cortex

Medulla

(d)

Medulla

(e)

Medulla

()

Figure 3.3 The renal counter-regulatory system. D, descending loop of Henle; A, ascending loop of Henle.
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If these steps occurred simultaneously and
continuously, the consequences would be as follows:

o Increasing osmolality in the tips of the loops of
Henle Because the walls of most of the loops are
permeable to water and solute, osmotic equilibrium
would be reached with the surrounding tissues in the
deeper layers of the medulla, including the plasma
within the vasa recta.

e Hypo-osmolal fluid leaving the ascending limbs
(Fig. 3.3f) In the absence of ADH, the walls of the
collecting ducts are impermeable to water, and
therefore no further change in osmolality occurs,
and hypo-osmolal urine would be passed.

Countercurrent exchange (Fig. 3.4)

Countercurrent exchange is essential, together
with multiplication, for regulating the osmolal
concentration of urine. It can only occur in the presence
of ADH and depends on the ‘random’ apposition
of the collecting ducts and the ascending vasa recta.
Antidiuretic hormone increases the permeability of
the cell membranes (via the aquaporins) lining the
distal parts of the collecting ducts to water, which

Afferent blood
to vasa recta

Loop of Henle

Site of
MULTIPLICATION

Urine from l
proximal tubule

a

-

Descending vessel

Connecting capillary

[ Blood

— Direction of flow of blood or urine

then moves passively along the osmotic gradient
created by multiplication. Consequently luminal fluid
is concentrated as the collecting ducts pass into the
increasingly hyperosmolal medulla.

The increasing concentration of the fluid would
reduce the osmotic gradient as it passes down the
ducts if it did not meet even more concentrated plasma
flowing in the opposite (countercurrent) direction.
The gradient is thus maintained, and water continues
to be reabsorbed until the fluid reaches the deepest
layers, where the osmolality is about four or five times
that of plasma (Fig. 3.3f). The low capillary hydrostatic
pressure at this site and the osmotic effect of plasma
proteins ensure that much of the reabsorbed water
within the interstitium enters the vascular lumina.
The diluted blood is carried towards the cortex and
ultimately enters the general circulation and helps to
dilute the extracellular fluid.

The osmotic action of urea in the medullary
interstitium may potentiate the countercurrent
multiplication. As water is reabsorbed from the
collecting ducts under the influence of ADH, the
luminal urea concentration increases. Because the distal
collecting ducts are permeable to urea, it enters the

Efferent blood
from vasa recta

Isosmotic zone

Distal tubule

Ascending vessel

Increasing
osmolality

Site of action of
ADH — EXCHANGE

Collecting duct

To renal pelvis
v

Hyperosmotic zone

AT Direction of movement of solute (multiplication)
Voo Direction of movement of water (exchange)

Figure 3.4 The countercurrent mechanism, showing the relationship between the renal tubules and the vasa

recta. ADH, antidiuretic hormone.
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deeper layers of the medullary interstitium, increasing
the osmolality and drawing water from the lower parts
of the descending limbs of the loops. The amount of
urea reabsorbed depends on:

e the amount filtered,

e the rate of flow of tubular fluid: as much as
50 per cent of filtered urea may be reabsorbed when
flow is significantly reduced.

In summary, both concentration and dilution
of urine depend on active processes, which may be
impaired if tubules are damaged.

Renal homeostatic control of water excretion

In this section, the mechanisms involved in the normal
homeostatic control of urinary water excretion in
the extremes of water intake are discussed. It may be
helpful to read it in conjunction with Chapter 2, which
deals with sodium and water balance.

Water restriction

By increasing the plasma osmolality, water restriction
increases ADH secretion and allows countercurrent
exchange with enhanced water reabsorption. Reduced
circulatory volume results in a sluggish blood flow in the
vasa recta and increased urea reabsorption, allowing a
build-up of the medullary hyperosmolality produced by
multiplication. This potentiates water reabsorption in
the presence of ADH. The reduced capillary hydrostatic
pressure and increased colloid osmotic pressure, due to
the haemoconcentration following non-protein fluid
loss, ensure that much of the reabsorbed water enters
the vascular compartment.

Water load

A high water intake dilutes the extracellular fluid, and
the consequent fall in plasma osmolality reduces ADH
secretion. The walls of the collecting ducts therefore
remain impermeable to water and the countercurrent
multiplication produces a dilute urine and a high
osmolality within the medulla and medullary vessels.
Blood from the latter flows into the general circulation,
so helping to correct the fall in systemic osmolality.
During maximal water diuresis the osmolality at
the tips of the medullary loops may be 600 mmol/kg
or less, rather than the maximum of about 1400 mmol/
kg. Increasing the circulating volume increases renal
blood flow; the rapid flow in the vasa recta ‘washes
out’ medullary hyperosmolality, returning some of
the solute, without extra water, to the circulation.

Thus, not only is more water than usual lost in the
urine, more solute is ‘reclaimed’. Because medullary
hyperosmolality, and therefore the ability to concentrate
the urine maximally, is dependent on medullary blood
flow, under normal circumstances urinary osmolality
will be fully restored only several days after a prolonged
water load has stopped (see Chapter 2).

Osmotic diuresis

An excess of filtered solute in the proximal tubular
lumina impairs the bulk water reabsorption from
this site by its osmotic effect. Unabsorbed solute
concentration rises progressively as water is reabsorbed
with other solute during passage through the proximal
tubules, and this opposes further water reabsorption.
Thus a larger volume than usual reaches the loops of
Henle. Moreover, fluid leaving the proximal tubules,
although still isosmotic with plasma, has a lower
sodium concentration than plasma. The relative lack
of the major cation (sodium) to accompany the anion
chloride along the electrochemical gradient inhibits
the pump in the loops. The resulting impairment of
build-up of medullary osmolality inhibits distal water
reabsorption, under the influence of ADH from the
collecting ducts, resulting in a diuresis (see Chapter 2).

Normally most filtered water leaves the proximal
tubular lumina with reabsorbed solute. For example,
glucose (with an active transport system) and urea
(which diffuses back passively) are sometimes filtered
at high enough concentration to exceed the proximal
tubular reabsorptive capacity. They can then act as
osmotic diuretics and cause water depletion. This
is important, for example, in diabetes mellitus or in
uraemia.

The most effective osmotic diuretics are substances
that cannot cross cell membranes to any significant
degree; therefore, they must be infused, as they cannot
be absorbed from the gut. One example is mannitol, a
sugar alcohol, which is sometimes used therapeutically
as a diuretic.

Homeostatic solute adjustment in the distal
tubule and collecting duct

Sodium reabsorption in exchange for hydrogen ions
occurs throughout the nephrons. In the proximal
tubules the main effect of this exchange is on
reclamation of filtered bicarbonate. In the distal
tubules and collecting ducts, the exchange process is
usually associated with net generation of bicarbonate
to replace that lost in extracellular buffering. Potassium
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and hydrogen ions compete for secretion in exchange
for sodium ions. The possible mechanism stimulated
by aldosterone is discussed in Chapter 2. The most
important stimulus to aldosterone secretion is mediated
by the effect of renal blood flow on the release of renin
from the juxtaglomerular apparatus; this method of
reabsorption is part of the homeostatic mechanism
controlling sodium and water balance.

BIOCHEMISTRY OF RENAL DISORDERS
Pathophysiology

Different parts of the nephrons are in close anatomical
association and are dependent on a common blood
supply. Renal dysfunction of any kind affects all parts of
the nephrons to some extent, although sometimes either
glomerular or tubular dysfunction is predominant. The
net effect of renal disease on plasma and urine depends
on the proportion of glomeruli to tubules affected and
on the number of nephrons involved.

To understand the consequences of renal disease it
may be useful to consider the hypothetical individual
nephrons, first with a low glomerular filtration rate
(GFR) and normal tubular function, and then with
tubular damage but a normal GFR. It should be
emphasized that these are hypothetical examples, as
in clinical reality a combination of varying degree may
exist.

Uraemia is the term used to describe a raised plasma
urea concentration and is almost always accompanied
by an elevated creatinine concentration: in North
America this is usually referred to as azotaemia (a raised
nitrogen concentration).

Reduced glomerular filtration rate with normal tubular
function
The total amounts of urea and creatinine excreted
are affected by the GFR. If the rate of filtration fails
to balance that of production, plasma concentrations
will rise.

Phosphate and urate are released during cell
breakdown. Plasma concentrations rise because less
than normal is filtered. Most of the reduced amount
reaching the proximal tubule can be reabsorbed, and
the capacity for secretion is impaired if the filtered
volume is too low to accept the ions; these factors
further contribute to high plasma concentrations.

A large proportion of the reduced amount of filtered
sodium is reabsorbed by isosmotic mechanisms; less
than usual is then available for exchange with hydrogen
and potassium ions distally. This has two main outcomes:

e reduced hydrogen ion secretion throughout the
nephron: bicarbonate can be reclaimed only if
hydrogen ions are secreted; plasma bicarbonate
concentrations will fall,

e reduced potassium secretion in the distal tubule,
with potassium retention (potassium can still be
reabsorbed proximally).

If there is a low GFR accompanied by a low renal
blood flow:

e Systemic aldosterone secretion will be maximal: in
such cases, any sodium reaching the distal tubule will
be almost completely reabsorbed in exchange for H*
and K*, and the urinary sodium concentration will
be low.

e ADH secretion will be increased: ADH acting on
the collecting ducts allows water to be reabsorbed
in excess of solute, further reducing urinary volume
and increasing urinary osmolality well above that of
plasma and reducing plasma sodium concentration.
This high urinary osmolality is mainly due to
substances not actively dealt with by the tubules. For
example, the urinary urea concentration will be well
above that of plasma. This distal response will occur
only in the presence of ADH; in its absence, normal
nephrons will form a dilute urine.

If the capacity of the proximal tubular cells to
reabsorb solute, and therefore water, is normal, a larger
proportion than usual of the reduced filtered volume
will be reclaimed by isosmotic processes, thus further
reducing urinary volume.

In summary, the findings in venous plasma and
urine from the affected nephrons will be as follows.

Plasma

e High urea (uraemia) and creatinine concentrations.

e Low bicarbonate concentration, with low pH
(acidosis).

e Hyperkalaemia.

e Hyperuricaemia and hyperphosphataemia.

Urine

e Reduced volume (oliguria).

e Low (appropriate) sodium concentration — only
if renal blood flow is low, stimulating aldosterone
secretion.

e High (appropriate) urea concentration and
therefore a high osmolality — only if ADH secretion
is stimulated.
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Reduced tubular function with normal glomerular
filtration rate
Damage to tubular cells impairs adjustment of the
composition and volume of the urine. Impaired solute
reabsorption from proximal tubules reduces isosmotic
water reabsorption. Countercurrent multiplication
may also be affected, and therefore the ability of the
collecting ducts to respond to ADH is reduced. A large
volume of inappropriately dilute urine is produced.

The tubules cannot secrete hydrogen ions and
therefore cannot reabsorb bicarbonate normally
or acidify the urine. The response to aldosterone
and therefore the exchange mechanisms involving
reabsorption of sodium are impaired; the urine contains
an inappropriately high concentration of sodium for
the renal blood flow. Potassium reabsorption from the
proximal tubule is impaired and plasma potassium
concentrations may be low. Reabsorption of glucose,
phosphate, magnesium, urate and amino acids is
impaired. Plasma phosphate, magnesium and urate
concentrations may be low.

Thus, the findings in venous plasma and urine from
the affected nephrons will be as follows.

Plasma
e Normal urea and creatinine concentrations (normal
glomerular function).
e Due to proximal or distal tubular failure:
— low bicarbonate concentration and low pH,
— hypokalaemia.
e Due to proximal tubular failure:
— hypophosphataemia, hypomagnesaemia and
hypouricaemia.

Urine
e Due to proximal and/or distal tubular failure:
— increased volume,
— pH inappropriately high compared with that in
plasma.
e Due to proximal tubular failure:
— generalized amino aciduria,

— phosphaturia,
— glycosuria.
e Due to distal tubular failure:
— even if renal blood flow is low, an

inappropriately high sodium concentration
(inability to respond to aldosterone),

— even if ADH secretion is stimulated, an
inappropriately low urea concentration and
therefore osmolality (inability of the collecting
ducts to respond to ADH).

There may also be tubular proteinuria, which
usually refers to low-molecular-weight proteins that
are normally produced in the body, filtered across the
glomerular membrane and reabsorbed in the proximal
tubule, but appear in the urine as a result of proximal
tubular damage, for example o, -microglobulin and
retinol binding protein. However, tubular proteinuria
also occurs when proximal tubular enzymes and
proteins, such as N-acetyl-B-p-glucosaminidase
(NAG), are released into the urine due to tubular cell
injury. See Chapter 19.

Clinical and biochemical features of renal
disease

The biochemical findings and urine output in renal
disease depend on the relative contributions of
glomerular and tubular dysfunction. When the GFR
falls, substances that are little affected by tubular action
(such as urea and creatinine) are retained. Although
their plasma concentrations start rising above the
baseline for that individual soon after the GFR falls,
they seldom rise above the reference range for the
population until the GFR is below about 60 per cent
of normal, although in individual patients they do rise
above baseline.

Plasma concentrations of urea and creatinine
depend largely on glomerular function (Fig. 3.5). By
contrast, urinary concentrations depend almost entirely
on tubular function. However little is filtered at the
glomeruli, the concentrations of substances in the initial
filtrate are those of a plasma ultrafiltrate. Any difference
between these concentrations and those in the urine is
due to tubular activity. The more the tubular function is
impaired, the nearer the plasma concentrations will be
to those of urine. Urinary concentrations inappropriate
to the state of hydration suggest tubular damage,
whatever the degree of glomerular dysfunction.

The plasma sodium concentration is not primarily
affected by renal disease. The urinary volume depends
on the balance between the volume filtered and the
proportion reabsorbed by the tubules. As 99 per cent
of filtered water is normally reabsorbed, a very small
impairment of reabsorption causes a large increase in
urine volume. Consequently, if tubular dysfunction
predominates, impairment of water reabsorption
causes polyuria, even though glomerular filtration is
reduced (see Chapter 2).

The degree of potassium, phosphate and urate
retention depends on the balance between the degree of
glomerular retention and the loss as a result of a reduced
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Figure 3.5 The effects of glomerular and tubular dysfunction on urinary output and on plasma concentrations of
retained ‘waste’ products of metabolism, the volume depending on the proportion of nephrons involved.

proximal tubular reabsorptive capacity. If glomerular
dysfunction predominates, so little is filtered that plasma
concentrations rise, despite the failure of reabsorption.
Conversely, if tubular dysfunction predominates,
glomerular retention is more than balanced by impaired
reabsorption of filtered potassium, urate and phosphate,
and therefore plasma concentrations may be normal
or even low. A low plasma bicarbonate concentration
is found in association with metabolic acidosis, which
may worsen the hyperkalaemia.

Acute Kidney injury

This was previously known as acute renal failure. In
adults, oliguria is defined as a urine output of less than
400 mL/day, or less than 15mL/h; it usually indicates
a low GFR and a rapid decline in renal function over
hours to weeks, with retention of creatinine and
nitrogenous waste products. Oliguria may be caused by
the factors discussed below.

Acute oliguria with reduced GFR (pre-renal)

This is caused by factors that reduce the hydrostatic
pressure gradient between the renal capillaries and
the tubular lumen. A low intracapillary pressure is the

CASE 1

A 17-year-old man was involved in a road traffic
accident. Both femurs were fractured and his spleen
was ruptured. Two days after surgery and transfusion
of 16 units of blood, the following results were found:

Plasma

Sodium 136 mmol/L (135-145)

Potassium 6.1 mmol/L (3.5-5.0)

Urea 20.9 mmol/L (2.5-7.0)

Creatinine 190 pmol/L (70-110)

Albumin-adjusted calcium 2.40 mmol/L (2.15-2.55)
Phosphate 2.8 mmol/L (0.80-1.35)

Bicarbonate 17 mmol/L (24-32)

The patient was producing only 10 mL of urine per
hour and a spot urinary sodium was 8 mmol/L.

DISCUSSION

The results are compatible with pre-renal acute
kidney injury (AKI), secondary to massive blood loss.
Note the oliguria, low urinary sodium concentration,
hyperkalaemia, hyperphosphataemia and also low
plasma bicarbonate concentration, suggestive of a
metabolic acidosis.
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most common cause. It is known as renal circulatory
insufficiency (‘pre-renal uraemia’) and may be due to:

e intravascular  depletion of whole blood
(haemorrhage) or plasma volume (usually due to
gastrointestinal loss), or reduced intake,

e reduced pressure as a result of the vascular dilatation
caused by ‘shock], causes of which include myocardial
infarction, cardiac failure and intravascular haemolysis,
including that due to mismatched blood transfusion.

The patient is usually hypotensive and clinically
volume depleted. If renal blood flow is restored within
a few hours, the condition is reversible, but, the longer it
persists, the greater the danger of intrinsic renal damage.

As most glomeruli are involved and tubular function is
relatively normal, the biochemical findings in plasma and
urine are those described earlier. Uraemia due to renal
dysfunction may be aggravated if there is increased protein
breakdown as a result of tissue damage, alarge haematoma
or the presence of blood in the gastrointestinal lumen.
Intravenous amino acid infusion may have the same
effect because the urea is derived, by hepatic metabolism,
from the amino groups of amino acids. Increased
tissue breakdown may also aggravate hyperkalaemia,
hyperuricaemia and hyperphosphataemia.

Acute oliguria due to intrinsic renal damage

This may be due to:

e prolonged renal circulatory insufficiency,

e acute glomerulonephritis, usually in children — the
history of a sore throat and the finding of red cells in
the urine usually make the diagnosis obvious,

e septicaemia, which should be considered when the
cause of oliguria is obscure,

e ingestion of a variety of poisons or drugs,

e myoglobulinuria (see Chapters 18 and 19),

e Bence Jones proteinuria (see Chapter 19).

One problem in the differential diagnosis of acute
oliguria is distinguishing between renal circulatory
insufficiency and intrinsic renal damage that may have
followed it. Acute oliguric renal dysfunction often
follows a period of reduced GFR and renal circulatory
insufficiency.

The oliguria is due to reduced cortical blood flow
with glomerular damage, aggravated by back-pressure
on the glomeruli due to obstruction to tubular flow
by oedema. At this stage, the concentrations of many
constituents in plasma, such as urea and creatinine,
are raised with hyperkalaemia; tubular damage results

in an inappropriately dilute urine for the degree of
hypovolaemia. Fluid must be given with caution, and
only until volume depletion has been corrected; there is
a danger of overloading the circulation.

During recovery, oliguria is followed by polyuria.
When cortical blood flow increases, and as tubular
oedema resolves, glomerular function recovers before
that of the tubules. The biochemical findings gradually
progress to those of tubular dysfunction until they
approximate those for ‘pure’ tubular lesions. Urinary
output is further increased by the osmotic diuretic effect
of the high load of urea. The polyuria may cause water
and electrolyte depletion. The initial hyperkalaemia may
be followed by hypokalaemia. Mild acidosis (common to
both glomerular and tubular disorders) persists until late.
Recovery of the tubules may restore full renal function.

Acute oliguria due to renal outflow obstruction (post-
renal)

Oliguria or anuria (absence of urine) may occur in
post-renal failure. The cause is usually, but not always,
clinically obvious and may be due to the following:

e Intrarenal obstruction, with blockage of the tubular
lumina by haemoglobin, myoglobin and, very rarely,
urate or calcium. Obstruction caused by casts and
oedema of tubular cells is usually the result of true
renal damage.

e Extrarenal obstruction, due to calculi, neoplasms,
for example prostate or cervix, urethral strictures
or prostatic hypertrophy, any of which may cause
sudden obstruction. The finding of a palpable
bladder indicates urethral obstruction, and in males
is most likely to be due to prostatic hypertrophy,
although there are other, rarer, causes.

Early correction of outflow obstruction may rapidly
increase the urine output. The longer it remains
untreated, the greater the danger of ischaemic or
pressure damage to renal tissue. Imaging studies such
as renal tract ultrasound may be useful to confirm post-
renal obstruction (Box 3.1).

Investigation of acute kidney injury

e A careful clinical history, especially of taking
nephrotoxic drugs, and examination may give
clues to the cause of acute kidney injury (AKI). It
is essential to exclude reversible causes of pre-renal
failure, including hypovolaemia or hypotension,
and also post-renal urinary tract obstruction (renal
tract imaging may be useful, such as abdominal



46 The Kidneys

p
Box 3.1 Some causes of acute kidney CASE 2
injury (AKI .

gy L) | | A 56-year-old man attended the renal out-patient

Pre-renal clinic because of polycystic kidneys, which had been
Hypotension diagnosed 20 years previously. He was hypertensive
Hypovolaemia and the following blood results were returned:
Decreased cardiac output ' ' ' Plasma
Renal artery stenosis + angiotensin-converting Sodium 136 mmol/L (135-145)

enzyme inhibitor
Hepatorenal syndrome

Renal or intrinsic renal disease

Acute tubular necrosis, e.g. hypotension, toxins,
contrast media, myoglobinuria, sepsis, drugs,
sustained pre-renal oliguria

Potassium 6.2 mmol/L (3.5-5.0)

Urea 23.7 mmol/L (2.5-7.0)

Creatinine 360 pmol/L (70-110)

Estimated glomerular filtration rate (eGFR) 14mL/
min per 1.73 m?

Vasculitis Albumin-adjusted calcium 1.80 mmol/L (2.15-2.55)
Glomerulonephritis Phosphate 2.6 mmol/L (0.80-1.35)

Drugs that are nephrotoxic, e.g non-steroidal anti- Bicarbonate 13 mmol/L (24-32)

inflammatory drugs

Sepsis DISCUSSION

Thrombotic microangiopathy or thromboembolism These results are typical of a patient with chronic
Atheroembolism kidney disease (CKD) with raised plasma urea
Bence Jones proteinuria and creatinine concentrations. The patient has
Interstitial nephritis hyperkalaemia and a low plasma bicarbonate
Infiltration, e.g. lymphoma concentration, suggestive of a metabolic acidosis. The
Severe hypercalcaemia hypocalcaemia and hyperphosphataemia are also in
Severe hyperuricaemia keeping with CKD stage 5.

Post-renal

Calculi

Table 3.1 Some laboratory tests used to investigate

Retroperitoneal fibrosis acute kidney injury

Prostate hypertrophy/malignancy
Carcinoma of cervix or bladder Pre-renal failure Intrinsic renal failure/
acute tubular necrosis

Urine sodium <20 >20
(mmol/L)
FENa% <l >1

radiograph if calculi are suspected, and renal tract
ultrasound); see Box 3.1). Urine to plasma >40 <20

e Monitor urine output, plasma urea and creatinine creatinine ratio
and electrolytes, as well as acid—base status.

e Hyperkalaemia, hypermagnesaemia, hyperphos-
phataemia, hyperuricaemia and metabolic acidosis
may occur in the oliguric phase of AKI.

e Urine microscopy may show granular casts
supportive of the diagnosis of acute tubular necrosis.

e The urinary to plasma urea ratio can be useful,
and when more than 10:1 is suggestive of pre-renal o, _ urine [sodium]  plasma [creatinine]
problems. The urinary to plasma creatinine or FENa%= plasma [sodium] ~ urine [creatinine]
osmolality ratio may also be useful (Table 3.1). (3.1)

e The fractional excretion of sodium (FENa%) is also
useful diagnostically and can be measured using e An FENa% of less than 1 per cent is typical of pre-
a simultaneous blood sample and spot urine (see renal failure, as is a urinary sodium concentration
above and Fig. 3.6). more than 20 mmol/L.

Urine to plasma >1.2 <1.2
osmolality ratio

Urine to plasma >10 <10
urea ratio

Note that in post-renal failure there is usually anuria.
FENa%, fractional excretion of sodium.

X 100%
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Recent elevated plasma urea
and/or creatinine

‘ Anuria present? ‘

v

v

Consider
post-renal failure

Measure the patient’s

FENa%

v

v

failure

Consider pre-renal

Consider acute
tubular necrosis

Figure 3.6 Algorithm for the investigation of acute kidney injury (AKI). FENa%, fractional excretion of sodium.

e Blood may be necessary for full blood count,
coagulation screen and blood cultures. Also exclude
myeloma, and look for Bence Jones proteinuria
and cryoglobulins. Autoantibody screen, including
antineutrophil cytoplasmic antibody (ANCA),
antinuclear antibody (ANA), extractable nuclear
antigen (ENA) antibody, complement,antiglomerular
basement membrane antibodies and double-
stranded deoxyribonucleic acid (DNA), myoglobin,
plasma creatine kinase and plasma calcium, may also
be indicated, depending on the clinical situation.

e In obscure cases, renal biopsy may be necessary to
establish a diagnosis.

e Recently, urine neutrophil gelatinase-associated
lipocalin (NGAL) has been suggested as a marker of
renal injury and predictor of AKI.

Chronic kidney disease

Chronicrenaldysfunction [definedasbeingreducedeGFR
(estimated GFR), proteinuria, haematuria and/or renal
structural abnormalities of more than 90 days’ duration]
is usually the end result of conditions such as diabetes
mellitus, hypertension, primary glomerulonephritis,
autoimmune disease, obstructive uropathy, polycystic
disease, renal artery stenosis, infections and tubular
dysfunction and the use of nephrotoxic drugs (Box
3.2). It is common, perhaps affecting about 13 per cent
of the population. Acute or chronic renal dysfunction
can occur when angiotensin-converting enzyme (ACE)
inhibitors or angiotensin II receptor blockers (ARBs) are
given to patients with renal artery stenosis; a clue to this

Box 3.2 Some causes of chronic kidney
disease

Diabetes mellitus
Nephrotoxic drugs
Hypertension
Glomerulonephritis

Chronic pyelonephritis
Polycystic kidneys

Urinary tract obstruction
Severe urinary infections
Amyloid and paraproteins
Progression from acute kidney injury
Severe hypothyroidism (rare)

is an increase in plasma creatinine of about 20 per cent
and/or a decrease in eGFR of about 15 per cent soon
after initiation of the drug.

In most cases of acute oliguric renal disease there
is diffuse damage involving the majority of nephrons.
A patient who survives long enough to develop
chronic renal disease must have some functioning
nephrons.

Histological examination shows that not all
nephrons are equally affected: some may be
completely destroyed and others almost normal. Also,
some segments of the nephrons may be more affected
than others. The effects of chronic renal disease can
be explained by this patchy distribution of damage;
acute renal disease may sometimes show the same
picture.
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In chronic kidney disease (CKD) the functional
adaptive effects can be divided into three main
categories: diminished renal reserve, renal insufficiency,
and end-stage uraemia. The loss of 75 per cent of renal
tissue produces a fall in GFR of 50 per cent. Although
there is a loss of renal function, homeostasis is initially
preserved at the expense of various adaptations
such as glomerulotubular changes and secondary
hyperparathyroidism.

Chronic renal dysfunction may pass through two
main phases:

e an initially polyuric phase,
e subsequent oliguria or anuria, sometimes needing
dialysis or renal transplantation.

Polyuric phase

At first, glomerular function may be adequate to
maintain plasma urea and creatinine concentrations
within the reference range. As more glomeruli are
involved, the rate of urea excretion falls and the plasma
concentration rises. This causes an osmotic diuresis in
functioning nephrons; in other nephrons the tubules
may be damaged out of proportion to the glomeruli.
Both tubular dysfunction in nephrons with functioning
glomeruli and the osmotic diuresis through intact
nephrons contribute to the polyuria, other causes of
which should be excluded (see Chapter 2).

During the polyuric phase, the plasma concentration
of many substances, other than urea and creatinine,
may be anywhere between the glomerular and tubular
ends of the spectrum, although metabolic acidosis is
usually present.

Oliguric phase

If nephron destruction continues, the findings become
more like those of pure glomerular dysfunction.
Glomerular filtration decreases significantly and urine
output falls; oliguria precipitates a steep rise in plasma
urea, creatinine and potassium concentrations; and the
metabolic acidosis becomes more severe.

The diagnosis of CKD is usually obvious. In
the early phase, before plasma urea and creatinine
concentrations have risen significantly, there may
be microscopic haematuria or proteinuria. However,
haematuria may originate from either the kidney
or the urinary tract, and may therefore indicate
the presence of other conditions, such as urinary
tract infections, renal calculi or tumours (see Box
3.2).

Other abnormal findings in chronic kidney
disease

Apart from uraemia, hyperkalaemia and metabolic
acidosis, other abnormalities that may occur in CKD
include the following:

e Plasma phosphate concentrations rise and
plasma total calcium concentrations fall. The
increased hydrogen ion concentration increases
the proportion of free ionized calcium, the plasma
concentration of which does not fall in parallel with
the fall in total calcium concentration. Impaired
renal tubular function and the raised phosphate
concentration inhibit the conversion of vitamin D
to the active metabolite and this contributes to
the fall in plasma calcium concentration. Usually,
hypocalcaemia should be treated only after correction
of hyperphosphataemia. After several years of CKD,
secondary hyperparathyroidism (see Chapter 6)
may cause decalcification of bone, with a rise in
the plasma alkaline phosphatase activity. Some
of these features of CKD can also evoke renal
osteodystrophy, associated with painful bones. The
increase in plasma PTH occurs early when the GFR
falls below 60 mL/min per 1.73 m?.

e Plasma urate concentrations rise in parallel with
plasma urea. A high plasma concentration does not
necessarily indicate primary hyperuricaemia; clinical
gout is rare unless hyperuricaemia is the cause of the
renal damage (see Chapter 20).

e Hypermagnesaemia can also occur (see Chapter 6).

e Normochromic, normocytic anaemia due to
erythropoietin deficiency is common and, because
haemopoiesis is impaired, does not respond to
iron therapy; this can be treated with recombinant
erythropoietin.

e One of the commonest causes of death in patients
with CKD is cardiovascular disease, in part
explained by hypertension and a dyslipidaemia
of hypertriglyceridaemia and low high-density
lipoprotein cholesterol. Some of these effects may be
due to reduced lipoprotein lipase activity.

e Abnormal endocrine function, such as
hyperprolactinaemia, insulin resistance, low plasma
testosterone and abnormal thyroid function, may
also be seen in chronic renal dysfunction.

e Some of the features of CKD may be explained by the
presence of ‘middle molecules’ — compounds that the
kidneys would normally excrete. These compounds,
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of relatively small molecular weights, can exert toxic
effects upon body tissues.

e The presence of increasing proteinuria may be the
best single predictor of disease progression.

Irreversible but potentially modifiable complications
such as anaemia, metabolic bone disease, under-
nutrition and cardiovascular disease occur early in the
course of CKD. A summary of the clinical features of
chronic kidney disease is shown in Table 3.2.

SYNDROMES REFLECTING
PREDOMINANT TUBULAR DAMAGE -
RENAL TUBULAR ACIDOSIS

There is a group of conditions that primarily affect
tubular function more than the function of the
glomeruli. However, scarring involving whole nephrons
may eventually cause chronic renal dysfunction.
Impaired function may involve a single transport
system, particularly disorders associated with amino
acid or phosphate transport, or may affect multiple
transport systems. Conditions associated with multiple
transport defects may cause renal tubular acidoses
— renal tubular disorders associated with a systemic
metabolic acidosis because of impaired reclamation of
bicarbonate or excretion of H* (see Chapter 4).
Disorders affecting the urine-concentrating
mechanism and causing nephrogenic diabetes insipidus
but which rarely in themselves cause a metabolic
acidosis are discussed elsewhere (see Chapter 2).

NEPHROTIC SYNDROME

The nephrotic syndrome is caused by increased
glomerular basement membrane permeability, resulting
in protein loss, usually more than 3 g a day (or a urine
protein to creatinine ratio of >300mg/mmol), with
consequent hypoproteinaemia, hypoalbuminaemia
and peripheral oedema. All but the highest molecular
weight plasma proteins can pass through the glomerular
basement membrane. The main effects are on plasma
proteins and are associated with hyperlipidaemia and
hyperfibrinoginaemia. (This is discussed more fully in
Chapter 19.) Uraemia occurs only in late stages of the
disorder, when many glomeruli have ceased to function.

NEPHRITIC SYNDROME

This comprises reduced eGFR, oedema, hypertension
and proteinuria with significant haematuria. It is
usually associated with systemic disease such as post-
infectious glomerulonephritis, e.g. post-streptococcal
or immunoglobulin A (IgA) nephropathy, ANCA-
associated vasculitis, e.g. Wegener’s granulomatosis or
microscopic polyarteritis, or antiglomerular basement
membrane disease (Goodpasture’s disease).

DIAGNOSIS OF RENAL DYSFUNCTION
Glomerular function tests

As glomerular function deteriorates, substances that
are normally cleared by the kidneys, such as urea and
creatinine, accumulate in plasma.

Table 3.2 Stages of renal dysfunction (chronic kidney disease)?

Stage  Description GFR (mL/min per 1.73m?)  Metabolic features
1 Presence of kidney damage with normal or raised GFR® >90 Usually normal
2 Presence of kidney damage with mildly reduced GFR 60-89 Plasma urea and creatinine rise
PTH starts to rise
3 Moderately reduced GFR 30-59 Calcium absorption decreased
Lipoprotein lipase decreased
Anaemia — erythropoietin decreased
4 Severely reduced GFR (pre-end stage) 15-29 Dyslipidaemia
Hyperphosphataemia
Metabholic acidosis
Hyperkalaemia and hyperuricaemia
5 End-stage kidney disease (may need dialysis or transplant) | <15 Marked elevation of urea (uraemia) and creatinine

Note that a suffix of ‘p’ with staging can be used if proteinuria is present.

aNational Kidney Foundation.
bSuch as proteinuria or haematuria.
GFR, glomerular filtration rate; PTH, parathyroid hormone.
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Measurement of plasma concentrations of urea and
creatinine

Urea is derived in the liver from amino acids and
therefore from protein, whether originating from the
diet or from tissues. The normal kidney can excrete
large amounts of urea. If the rate of production exceeds
the rate of clearance, plasma concentrations rise. The
rate of production is accelerated by:

e ahigh-protein diet,

e absorption of amino acids and peptides from digested
blood after haemorrhage into the gastrointestinal
lumen or soft tissues,

e increased catabolism due to starvation, tissue
damage, sepsis or steroid treatment.

In catabolic states, glomerular function is often
impaired due to circulatory factors and this contributes
more to the uraemia than does increased production.
Conversely, the plasma urea concentration may be
lower than 1.0 mmol/L, the causes of which include the
following:

e those due to increased GFR or haemodilution
(common):
— pregnancy (the commonest cause in young
women),
— overenthusiastic intravenous infusion (the
commonest cause in hospital patients),
— ‘inappropriate’ ADH secretion (syndrome of
inappropriate ADH secretion, SIADH).
o those due to decreased synthesis:
— use of amino acids for protein anabolism
during growth, especially in children,
— low protein intake,
— very severe liver disease (low amino acid
deamination),
— inborn errors of the urea cycle are rare and
usually only occur in infants.

Creatinine is largely derived from endogenous sources
by muscle creatine breakdown. Plasma creatinine usually
correlates with muscle mass, with 95 per cent of creatine
occurring in skeletal muscle. The plasma creatinine
concentration varies more than that of urea during the
day owing to creatine intake in meals. However, sustained
high-protein diets and catabolic states probably affect the
plasma concentration of creatinine less than that of urea.
Creatinine concentration is used to assess renal function;
however, its assay may be less precise than that of urea,
and can be prone to analytical interference by substances
such as bilirubin, ketone bodies and certain drugs.

If the plasma concentration of either urea or
creatinine is significantly raised, and especially if it is
rising, impaired glomerular function is likely. Serial
changes may be used to monitor changes in the GFR
and changes greater than 10-15 per cent are likely to be
clinically significant.

With a reduced GFR, plasma urea concentrations
tend to rise faster than those of creatinine and tend to
be disproportionately higher with respect to the upper
reference limit. The rate at which urea is reabsorbed
from the collecting ducts is dependent on the amount
filtered by the glomerulus and by the rate of luminal
fluid flow (see Table 3.2).

Clearance as an assessment of glomerular filtration
rate (Fig. 3.7)

For a substance (S) that is filtered by the glomerulus,
but not reabsorbed from or secreted into the tubules,
the amount filtered (GFR X plasma[S]) must equal the
amount excreted in the urine (urinary[S] X volume per
unit time):

GFR X plasma[S]

= urinary[S] X urine volume per unit time (3.2)
Thus, rearranging gives:
urinary[S] X urine volume per unit time
GFR = yIS] P (33)
plasmalS]
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Figure 3.7 The inverse relationship between plasma
creatinine and creatinine clearance. (Shaded area is
approximate 95 per cent confidence intervals.)
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The GFR thus measured is referred to as the clearance
— the volume of plasma that could theoretically be
completely cleared of a substance in 1min. Only
substances freely filtered by glomeruli and not acted on
by the tubules can be used to give true measurement
of GFR. There is no such endogenous substance, but
inulin, a polysaccharide, fulfils the criteria closely.
Inulin is not produced by the body; it must be given
either by constant infusion in order to maintain steady
plasma concentrations during the period of the test, or
by a single injection followed by serial blood sampling
to enable the concentration at the midpoint of the
collection to be calculated.

Radiochromium-labelled ethylenediamine tetra-
acetic acid (EDTA) is another exogenous compound
that some consider the ‘gold standard’ for calculating
patient GFR, although this requires the use of nuclear
medicine tests and is rarely used.

For endogenously produced substances such as
creatinine, with its relatively constant production, the
following equation can be used to calculate a clearance
that acts as an approximation for GFR:

Creatinine clearance (mL/min)
_ urinary [creatinine] X urine volume (mL)
plasma [creatinine] X urine collection period (min)
(3.4)

The modification of diet in renal disease (MDRD)
formula can be used to estimate GFR (eGFR) and
has generally superseded the need to use creatinine
clearances in clinical practice and is also used to titrate
drug dosing in patients with renal impairment. This is
calculated by the isotope dilution mass spectrometry
(IDMS) traceable MDRD equation recommended
in the UK as: 175 X ([plasma creatinine]/88.4)"1>* x
(age)*2" x (0.742 if female) x (1.210 if black).

The equation has not been validated in the following
groups: those under 18 years old, those acutely ill,
patients with limb amputations, pregnant women,
the very elderly and the obese and malnourished. In
some of these situations there may be differences in
muscle mass and hence in creatine concentrations and
ultimately creatinine. Those with muscle breakdown
may show higher plasma creatinine concentration
and the converse may be seen in those with reduced
muscle bulk. There may be increased muscle bulk in
black compared with white people. Individuals taking
creatine supplements for body building may show
increased plasma creatinine and also plasma creatine
kinase (CK).

Creatinine clearance is higher than inulin clearance
because some creatinine is secreted by the tubules.
Urea clearance is lower than inulin clearance as some
urea is reabsorbed into the tubules (urea and inulin
clearance are now essentially obsolete in clinical
practice).

However, there are various factors that make the
measurement of creatinine clearance inaccurate:

e All laboratory assays have an inherent imprecision.
The combined imprecision of two assays is greater
than that of one. Urine as well as plasma is assayed
for clearance measurements.

e Themostsignificanterror of any method depending
on a timed urine collection is in the measurement
of urine volume. Inaccurate urine collection
may yield misleading results. The difficulties are
increased in infants and young children, and in
patients who have difficulty in bladder emptying
or are incontinent.

e Both creatinine and urea may be partly destroyed by
bacterial action in infected or old urine.

For an individual patient, plasma creatinine
concentrations may rise above the baseline level but
remain within the population reference range despite a
deterioration in glomerular function. The reciprocal of
the plasma creatinine concentration is called the renal
index.

The plasma creatinine concentration may not
exceed the upper limit of the reference range until the
GFR, and therefore the creatinine clearance, has been
reduced by approximately 60 per cent (see Fig. 3.7).
Thus the measurement of creatinine clearance should
be a more sensitive but less accurate indicator of early
glomerular dysfunction than of plasma creatinine
concentration.

Clearance values will be low whether the reduced
GFR is due to renal circulatory insufficiency, intrinsic
renal damage or ‘post-renal’ causes, and it cannot
distinguish among them. Creatinine clearance has
been said to be useful in deciding the dose of a renally
excreted drug.

Cystatin C

Another endogenous substance that can be used as a
marker of GFR is plasma cystatin C (Cys C), and its
use may alleviate some of the problems associated
with creatinine clearance determinations. This is a
13-kDa protein that is a member of the family of
cystine proteinase inhibitors. Unlike other endogenous
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compounds such as creatinine, Cys C is not secreted
by the renal tubules and does not return to the
bloodstream after glomerular filtration. It has been
suggested that plasma Cys C may approximate to
the ‘ideal’ endogenous marker for GFR, as blood
concentrations are independent of patient age and sex,
although currently this test is not routinely available in
most laboratories.

Renal tubular function tests

Reduced tubular function, with normal glomerular
function,impairs the adjustment of the compositionand
volume of the urine with minimal effect on the plasma
urea or creatinine concentration. The investigations
used to diagnose tubular disorders can be divided into
those that predominantly identify proximal tubular
dysfunction and those that predominantly identify
distal tubular dysfunction.

Proximal tubular function tests

Impaired solute reabsorption from the proximal tubules
reduces isosmotic water reabsorption. Countercurrent
multiplication may also be affected, and hence the
ability to respond to ADH is reduced. A large volume of
inappropriately dilute urine is produced.

The tubules cannot secrete hydrogen ions and so
cannot reabsorb bicarbonate normally and therefore
the urine is inappropriately alkaline for the degree of
acidosis in the blood.

The reabsorption of potassium, phosphate,
magnesium, urate, glucose and amino acids is impaired.
Thefollowing findings may be present,and measurement
may occasionally be useful.

Plasma

e Normal urea and creatinine concentrations (normal
glomerular function).

e Low bicarbonate concentration with low pH
(metabolic acidosis).

e Hypokalaemia, hypophosphataemia, hypomagnes-
aemia and hypouricaemia.

Urine

Increased volume (polyuria).

pH may be inappropriately high.
Phosphaturia, glycosuria, uricosuria.
Generalized amino aciduria.

Tubular proteinuria can be diagnosed by measuring
specific low-molecular-weight proteins such as retinol-
binding protein, NAG or o -microglobulin, which

are increased in the urine because of reduced tubular
reabsorption and increased renal tubular secretion. If
there is detectable glycosuria, phosphaturia and non-
selective amino aciduria, the condition is known as
Fanconi’s syndrome.

Distal tubular function tests

Impaired distal tubular function primarily affects
urine acidification, with a failure to excrete hydrogen
ions; the urinary pH rarely falls below 5.5. There
is an impaired response to aldosterone involving
reabsorption of sodium, and the urine contains an
inappropriately high concentration of sodium for the
renal blood flow. The associated findings may include
the following.

Plasma

e Lowbicarbonateandhigh chloride concentration with
low pH (hyperchloraemic acidosis), hypokalaemia.

Urine

e Increased volume.

e pH inappropriately high.

An inappropriately high sodium concentration, even

if renal blood flow is low (inability to respond to

aldosterone).

e An inappropriately low urea concentration, and
therefore osmolality, even if ADH secretion is
stimulated.

The ability to form concentrated urine in response
to fluid deprivation depends on normal tubular
function (countercurrent multiplication) and on
the presence of ADH. Failure of this ability is usually
due to renal disease, or cranial diabetes insipidus (see
Chapter 2 for discussion of the fluid deprivation test).
The investigation of renal tubular acidosis is covered in
Chapter 4.

URINARY SODIUM AND OSMOLALITY
Urinary sodium estimation

Urinary sodium estimation may be used to differentiate
acute oliguria due to renal damage from that due to
renal circulatory insufficiency. Aldosterone secretion
will be maximal only if renal blood flow is reduced;
in such circumstances, functioning tubules respond
appropriately by selectively reabsorbing sodium by
distal tubular exchange mechanisms. A urinary sodium
concentration of less than about 20 mmol/L is usually
taken to indicate that tubular function is not significantly
impaired.



Biochemical principles of the treatment of renal dysfunction

53

Measurement of urinary osmolality

Measurement of urinary osmolality or other indicators
of selective water reabsorption, such as urinary urea
or creatinine concentrations, is less valuable than
assaying urinary sodium concentration, as ADH
secretion is stimulated for many other causes (see
Table 3.1).

BIOCHEMICAL PRINCIPLES OF THE
TREATMENT OF RENAL DYSFUNCTION
Acute Kidney injury

Pre-renal AKI can sometimes be reversed by careful
control of fluid balance and prompt treatment
of hypovolaemia. Sometimes furosemide with
mannitol or dopamine infusion may re-establish
normal urine flow. If oliguria is due to parenchymal/
intrinsic damage, some clinicians may restrict fluid
and sodium intake, giving only enough fluid to
replace losses and provide an adequate low-protein
energy intake to minimize aggravation of uraemia.
If possible, the cause of the intrinsic renal failure
should be treated. Careful attention should be given
to nephrotoxic drugs in AKI. In post-renal failure,
prompt relief of the obstruction may reverse the
situation.

A polyuric phase may occur, particularly on relief
of urinary obstruction with excretion of potassium
and magnesium, and this can result in hypovolaemia,
hypokalaemia and hypomagnesaemia, which may need
correcting.

Renal replacement therapy (RRT) such as dialysis
or haemofiltration may improve fluid and electrolyte
imbalances (see below). RRT is important to prevent
dangerous hyperkalaemia or if resistant pulmonary
oedema is present. Other indications for RRT include
severe acidosis of pH less than 7.1, encephalopathy and
uraemic pericarditis.

Chronic kidney disease

Careful control of fluid and electrolyte balance is
important; water intake is usually only restricted if
the plasma sodium concentration is not maintained.
Similarly, sodium intake should be unrestricted unless
contraindications such as hypertension or oedema
exist. Plasma potassium monitoring is essential and
potassium restriction may become necessary (and
avoidance of potassium-retaining medication) if there
is hyperkalaemia, which may need specific therapy and
can be life threatening (see Chapter 5).

Control of blood pressure, lipids and, if present,
diabetes mellitus (optimization of glycaemic control) is
importantand mayhelp slow decline of eGFR and reduce
cardiovascular risk, which is common in these patients.
Angiotensin-converting enzyme inhibitors may slow
the decline in renal function, although patients should
be monitored for hyperkalaemia. Dietary modification
with increased caloric intake along with reduced dietary
protein intake may slow the decline in GFR by reducing
protein catabolism. Nevertheless, it is also important to
ensure that the patient is well nourished.

Tissue precipitation of calcium to phosphate
may occur early in renal disease and is related to
hyperphosphataemia and the calcium phosphate
product (calcium concentration X phosphate
concentration). This precipitation can be reduced by
adequate fluid intake. Dietary phosphate restriction is
used in the early stages of chronic renal dysfunction.
If the plasma phosphate concentration is raised,
phosphate-binding agents such as calcium acetate
or carbonate may be indicated. When GFR is below
60 mL/minper1.73 m? secondaryhyperparathyroidism
with elevated PTH concentration occurs. Giving
small doses of active vitamin D, such as calcitriol or
alfacalcidol, reduces the serum PTH, and improves
bone histology, and leads to increased bone mineral
density and helps avoid renal osteodystrophy,
hypocalcaemia and tertiary hyperparathyroidism (see
Chapter 6).

Recombinant erythropoietin and iron therapy may
be indicated to treat anaemia when haemoglobin is
less than 11 g/dL; this may slow progression of chronic
renal disease.

Dialysis removes urea and other toxic substances
from the plasma and corrects electrolyte balance by
dialysing the patient’s blood against fluid containing
no urea and appropriate concentrations of electrolytes,
free ionized calcium and other plasma constituents.
The following are the principal forms of dialysis:

e Haemofiltration is a form of haemodialysis in which
large volumes of fluid and solute can be removed
through a highly permeable membrane; dialysis
is dependent primarily on the blood pressure.
Haemofiltration is mainly used for AKI whereas the
following forms of dialysis are mainly for CKD.

e In haemodialysis, blood is passed through an
extracorporeal circulation and dialysed across an
artificial membrane with a solution of low solute
concentration before being returned to the body.
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Negative pressure on the dialysate side of the membrane
can be varied to adjust the amount of water removed.

e In intermittent and continuous ambulatory
peritoneal dialysis, the folds of the peritoneum are
used as the dialysing membrane with capillaries
on one side, and an appropriate fluid of higher
osmolality is infused into the peritoneal cavity on the
other. After a suitable time to allow for equilibration
of diffusible solutes, depending on the type of
peritoneal dialysis, the peritoneal cavity is drained
and the cycle is repeated.

Dialysis is used in some cases of acute kidney injury
until renal function improves, or as a regularly repeated
procedure in suitable cases of end-stage kidney disease.
It may also be used to prepare patients for renal
transplantation.

RENAL CALCULI

Renal calculi are usually composed of products of
metabolism present in normal glomerular filtrate, often at
concentrations near their maximum solubility (Fig. 3.8).

Conditions favouring renal calculus

formation

e A high urinary concentration of one or more
constituents of the glomerular filtrate, due to:

— a low urinary volume with normal renal
function, because of restricted fluid intake or
excessive fluid loss over a long period of time
(particularly common in hot climates) — this
favours formation of most types of calculi,
especially if one of the other conditions listed
below is also present,

Figure 3.8 A renal calculus. Reproduced with
permission from Nyhan WL and Barshop BA. Atlas of
Inherited Metabolic Diseases, 3rd edition. London:
Hodder Arnold, 2012.

— a high rate of excretion of the metabolic
product forming the stone, due either to
high plasma and therefore filtrate levels or to
impairment of normal tubular reabsorption
from the filtrate.

e Changes in pH of the urine, often due to bacterial
infection, which favour precipitation of different
salts at different hydrogen ion concentrations.

e Urinary stagnation due to obstruction to urinary
outflow or renal tract structural abnormality.

e Lack of normal inhibitors: urine normally contains
inhibitors, such as citrate, pyrophosphate and
glycoproteins, which inhibit the growth of calcium
phosphate and calcium oxalate crystals respectively.
Hypocitraturia may partly explain the renal calculi
found in distal or type 1 renal tubular acidosis (see
Chapter 4).

Constituents of urinary calculi

Renal calculi may consist of the following (Box 3.3):

e calcium-containing salts:
— calcium oxalate,
— calcium phosphate,
e urate,
e cystine,
e xanthine.

Calculi composed of calcium salts

About 80 per cent of all renal stones contain calcium.
Precipitation is favoured by hypercalciuria, and the type
of salt depends on urinary pH and on the availability
of oxalate. Any patient presenting with calcium-
containing calculi should have plasma calcium and
phosphate estimations performed, and, if the results are
normal, they should be repeated at regular intervals to
exclude primary hyperparathyroidism.
Hypercalcaemia causes hypercalciuria if glomerular
function is normal. The causes and differential

Box 3.3 Some causes of renal calculi

Calcium phosphate or oxalate

Triple phosphate stones

Urate

Cystine

Complex/mixture stones

Rarities, e.g. xanthine, dihydroxyadenine or indinavir
Artefacts, e.g. fibrin/clots/Munchausen’s syndrome
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diagnosis of hypercalcaemia are discussed in Chapter
6. In many subjects with calcium-containing renal
calculi the plasma calcium concentration is normal.
Any increased release of calcium from bone (as
in actively progressing osteoporosis, in which loss
of matrix causes secondary decalcification, or in
prolonged acidosis, in which ionization of calcium
is increased) causes hypercalciuria; hypercalcaemia
is unusual in such cases. In distal renal tubular
acidosis there is an increased calcium load and,
because of the relative alkalinity of the urine, calcium
precipitation in the kidney and renal tract may occur
— nephrocalcinosis.

Hypercalciuria has been defined as a daily urinary
calcium excretion of more than 6.2mmol in adult
females and 7.5 mmol in adult males.

A significant proportion of cases remain in which
there is no apparent cause for calcium precipitation.
A common cause is hypercalciuria despite
normocalcaemia (see Chapter 6).

Hyperoxaluria favours the formation of the very
poorly soluble calcium oxalate, even if calcium
excretion is normal. The source of the oxalate may be
derived exogenously from the diet. Oxalate absorption
is increased by fat malabsorption: calcium in the bowel
is bound to fat instead of precipitating with oxalate,
which is then free to be absorbed. Foods rich in oxalate
include rhubarb, chocolate, beetroot, spinach, nuts
and tea.

Primary hyperoxaluria, a rare inborn error, should
be considered if renal calculi occur in childhood.
There are two main types, 1 and 2, the former being
more common. Type 1 is due to deficiency of alanine
glyoxylate aminotransferase, and type 2 is due to
deficient D-glycerate dehydrogenase. Hyperoxaluria
(urinary oxalate greater than 400 umol/24h) is a more
important risk factor for formation of renal stones than
is hypercalciuria.

Calcium-containing calculi are usually hard, white
and radio-opaque. Calcium phosphate may form
‘staghorn’ calculi in the renal pelvis, while calcium
oxalate stones tend to be smaller and to lodge in the
ureters, where they are compressed into a fusiform
shape. Alkaline conditions favouring calcium phosphate
precipitation and stone formation are particularly
common in patients with chronic renal infection.

The treatment of calcium-containing calculi depends
on the cause. Urinary calcium concentration should be
reduced:

e by treating hypercalcaemia if present,

e if this is not possible, by reducing dietary calcium
(although this alone may exacerbate hyperoxaluria)
and oxalate intake,

e by maintaining a high fluid intake, unless there is
glomerular failure.

Thiazide diuretics reduce urinary calcium excretion,
and treatment of urinary tract infection may reduce the
risk of calculi formation.

Struvite (magnesium ammonium phosphate)

These stones (about 10 per cent of all renal calculi)
are associated with chronic urinary tract infections by
organisms such as Proteus species capable of splitting
ammonium. The urinary pH is usually greater than 7.
These urease-containing bacteria convert urea to
ammonia and bicarbonate.

Uric acid stones

About 8 per cent of renal calculi contain uric acid; these
are sometimes associated with hyperuricaemia, with or
without clinical gout. In most cases, no predisposing
cause can be found. Precipitation is favoured in an acid
urine. Uric acid stones are usually small, friable and
yellowish brown, but can occasionally be large enough
to form ‘staghorn’ calculi. They are radiolucent but
may be visualized by ultrasound or by an intravenous
pyelogram.

The treatment of hyperuricaemia is discussed
in Chapter 20. If the plasma urate concentration is
normal, fluid intake should be kept high and the urine
alkalinized. A low-purine diet may help to reduce urate
production and excretion.

Cystine stones

Cystine stones are rare. In normal subjects the
concentration of cystine in urine is soluble, but in
homozygous cystinuria this may be exceeded and the
patient may present with radio-opaque renal calculi.
Like urate, cystine is more soluble in alkaline than in
acidic urine; the principles of treatment are the same as
for uric acid stones. Penicillamine can also be used to
treat the condition (see Chapter 27).

Miscellaneous stones
Xanthine stones

Xanthine stones are very uncommon and may be the
result of the rare inborn error xanthinuria.



56

The Kidneys

Indinavir stones

These are seen in patients with human immuno-
deficiency virus (HIV) infection who have been treated
with the protease inhibitor indinavir. The stones are
composed of pure protease inhibitor.

Other stones

Other rare stones may consist of dihydroxyadenine (due
to adenine phosphoribosyltransferase deficiency) or
poorly calcified mucoproteinaceous material associated
with chronically infected kidneys (matrix stone). Some
stones may be factitious, as sometimes found in patients
with Munchausen’s syndrome, who may add ‘stones’ to
their urine.

Investigation of a patient with renal calculi

o If the stone is available, send it to the laboratory for
analysis (Fig. 3.9).

‘ Evidence of renal calculi ‘

v

Exclude hypercalcaemia (see Chapter 6) and
hyperuricaemia (see Chapter 20).

Collect a 24-h specimen of urine for urinary volume,
calcium and oxalate estimations. These tests will help
to detect hypercalciuria or hyperoxaluria.

If all these tests are negative, and especially if there
is a family history of calculi, screen the urine for
cystine. If the qualitative test is positive, the 24-h
excretion of cystine and basic amino acids should be
estimated.

If fresh uninfected urine is alkaline despite a
systemic metabolic acidosis, the diagnosis of renal
tubular acidosis is likely (see Chapter 4). A pH more
than 7 is suggestive of a urinary infection with a
urea-splitting organism such as Proteus vulgaris, in
which case consider struvite calculi. A midstream
urine specimen is useful to exclude infection before
diagnosing renal tubular acidosis.

‘ Is stone fragment available for analysis? ‘

v

‘ Evidence of hyperuricaemia?

v
1

‘ Evidence of hypercalcaemia and/or hypercalciuria?

Yes

v

Assess 24-h
urine oxalate

Low/normal

Hyperoxaluria

Figure 3.9 Algorithm for the investigation of renal calculi.

Measure
urine cystine
[

v v
‘High‘ ‘ Low/normal ‘

Cystinuria Consider

rare calculi
(see Box 3.3)
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CASE 3

A 21-year-old man presented to the urology out-
patient clinic because of renal calculi. There was also
a family history of renal calculi.

Plasma

Sodium 137 mmol/L (135-145)

Potassium 4.2 mmol/L (3.5-5.0)

Urea 5.9 mmol/L (2.5-7.0)

Creatinine 108 umol/L (70-110)

Estimated glomerular filtration rate (eGFR) > 90 mL/
min per 1.73m?

Albumin-adjusted calcium 2.43 mmol/L (2.15-2.55)
Phosphate 1.1 mmol/L (0.80-1.35)

Bicarbonate 27 mmol/L (24-32)

Urate 0.33 mmol/L (0.20-0.43)

Urinary excretion of both calcium and oxalate fell
within the laboratory reference ranges. However,
cystine was detected in the urine.

DISCUSSION

In conjunction with the family history and relatively
young age of presentation, the results are suggestive
of cystinuria manifesting cystine stones. This is one
of the most common amino acidurias, although a
rare cause of renal calculi, and is treated by increasing
fluid intake and alkalinizing the urine.

e Low plasma urate and high urinary xanthine
concentrations suggest xanthinuria, particularly in
a child.

e Determination of urinary citrate (an inhibitor of
some renal calculi) concentrations may sometimes
be useful, as low concentrations may be found.

e If the cause is still unclear, consider the rare causes of
renal calculi shown in Box 3.3.

e Renal tractimaging techniques to clarify the anatomy,
such as ultrasound or intravenous pyelogram, may
also be necessary.

Treatment of renal calculi

Apart from specific treatments (see above), patients
with a tendency to form calculi are generally advised
to drink more water. The aim is usually to increase
the urinary volume to about 2-3L in 24h. Reducing
calcium intake may not be advisable, as it may increase
oxalate absorption and excretion. Calculi removal
by fragmentation using extracorporeal shock wave
lithotripsy has in some cases reduced the need for
surgical intervention.

SUMMARY

e The kidneys are vital organs for the excretion
of various waste products as well as for acid—
base balance, fluid volume control, hormone
production and metabolic function, such as
calcium homeostasis.

e Plasma creatinine determination is a useful test of
renal function, but plasma creatinine concentration
can still remain within the reference range in the
presence of a significant decline in renal function.

e Acute kidney injury (AKI) can be due to pre-renal,
renal or post-renal causes. Raised plasma urea
and creatinine concentrations occur along with
fluid retention, anuria or oliguria, hyperkalaemia,
hyperphosphataemia and metabolic acidosis.

e End-stage chronic kidney disease (CKD5) implies
slow, irreversible renal disease. Raised plasma
urea and creatinine concentrations occur initially

and, as renal reserve declines, there is further
hyperkalaemia, hyperphosphataemia, metabolic
acidosis, hypocalcaemia and anaemia. This may
necessitate renal support such as dialysis.

e Renal calculi can be the result of urinary stasis or
infection associated with urinary supersaturation.
The commonest calculi are calcium containing.

e Nephrotic syndrome is defined as gross proteinuria
associated with oedema and hypoproteinaemia
(discussed further in Chapter 19). This is a disorder
of the renal glomerular membrane.

e Renal tubular disease can result in Fanconi’s
syndrome associated with acid-base and
potassium disturbance, glycosuria, amino aciduria,
hypouricaemia and hypophosphataemia.

e Renal replacement therapy, such as dialysis
(Fig. 3.10), may be indicated in AKI and CKD5.
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Figure 3.10 A renal dialysis machine used to give renal replacement therapy in some patients with end-stage
chronic kidney disease (CKD5). Reproduced with kind permission of Pemed.
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The importance of acid—base homeostasis cannot
be overstated because of its importance in keeping
hydrogen ion (H") balance under control. Acid—base
abnormalities are relatively common medically, and it
is therefore essential for clinicians to be fully conversant
with their interpretation.

Our cells release between 50 and 100 mmol of H*
into the extracellular fluid (ECF) daily. Despite this, the
extracellular H* concentration ([H']) is maintained at
about 40 nmol/L (pH 7.4).

The predominant sources of H" are:

e Anaerobic carbohydrate metabolism produces
lactate, and anaerobic metabolism of fatty acids
by B-hydroxylation and of ketogenic amino acids
produces acetoacetate, which releases equimolar
amounts of H'. Lactic acidosis or ketoacidosis can
occur if the release of H by these reactions exceeds
the compensatory capacity.

e Release of H' can occur during conversion of amino
nitrogen to urea in the liver, or of the sulphydryl
groups of some amino acids to sulphate.

Hydrogen ion balance is largely dependent upon
the secretion of H* from the body into the urine due
to renal tubular action. Aerobic metabolism of the
carbon skeletons of organic compounds converts
carbon, hydrogen and oxygen into carbon dioxide
and water. Carbon dioxide is an essential component
of the extracellular buffering system. Thus the body is
dependent upon healthy function of the kidneys and
the lungs for normal acid—base homeostasis.

DEFINITIONS

Acids can dissociate to produce H* (protons), which
can be accepted by a base. An alkali dissociates to
produce hydroxyl ions (OH"). Acidosis is commoner
than alkalosis because metabolism tends to produce H*
rather than OH™.

A strong acid is almost completely dissociated
in aqueous solution, and so produces many H". For
example, hydrochloric acid is a strong acid and is
almost entirely dissociated in water to form H* and
chloride (Cl7). Weak acids dissociate less, although
very small changes in [H*] may have important
consequences.

Buffering is a process by which a strong acid (or
base) is replaced by a weaker one, with a consequent
reduction in the number of free H', and therefore the
change in pH, after addition of acid, is less than it would
be in the absence of the buffer. For example:

H'C + NaHCO, «<» H,CO, + NaCl
(strongacid) (buffer) (weakacid) (neutralsalt)
(4.1)

The pH is a measure of H* activity. It is log 10 of the
reciprocal of [H*] in mol/L. The log 10 of a number is
the power to which 10 must be raised to produce that
number:

log 100 = log 10* = 2, and log 10" = 7 (4.2)

If [H*] is 107 (0.0000001) mol/L, then —log [H*] = 7.
But:

1
pH =log ol —log [H']

(4.3)
Therefore pH = 7.

A change of 1 pH unit represents a 10-fold change
in [H*]. Changes of this magnitude do not normally
occur in tissues. However, in pathological conditions
the blood pH can change by more than 0.3 of a unit;
a decrease of pH by 0.3, from 7.4 to 7.1, represents a
doubling of the [H*] from 40 to 80 nmol/L. Thus, the
use of the pH notation makes a very significant change
in [H*] appear deceptively small.

Ablood pH of 7.0 indicates a severe acidosis. A blood
pH of 7.7 similarly indicates a severe alkalosis. Urinary
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pH is much more variable than that of blood, and [H*]
can vary 1000-fold (a change of 3 pH units).

The Henderson—Hasselbalch equation expresses the
relation between pH and a buffer pair — that is, a weak
acid and its conjugate base. The equation is valid for
any buffer pair, the pH being dependent on the ratio
of the concentration of base to acid. Note that pK is
the negative logarithm of the acid dissociation constant
(K, and, the larger the value of pK, the smaller the
extent of acid dissociation:

[base]
[acid]

In this equation the base is bicarbonate (HCO,") and
the acid is carbonic acid (H,CO,). It is not possible to
measure the latter directly; however, it is in equilibrium
with dissolved CO,, of which the partial pressure
(Pco,) can be estimated. The concentration of H,CO,
is derived by multiplying this measured value by the
solubility constant (S) for CO,. Thus:

pH =pK +log [HCO,]
Pco, xS

pH =pK +log (4.4)

(4.5)

If the Pco, is expressed in kPa, S = 0.23, or in mmHg,
S =10.03.

The overall pK of the bicarbonate system is 6.1.
Therefore if Pco, is in kPa:

[HCO, ]

H=61+log —— >3
P 8 Pco,x 023

(4.6)

Plasma [HCO,] is controlled largely by the kidneys
and Pco, by the lungs. In acid-base disturbances due
to respiratory problems the kidneys are essential for
compensation and, conversely, in metabolic (non-
respiratory) causes of acid-base imbalance the
compensation is due mainly to changes in pulmonary
function.

Despite considerable fluctuations in the rate of
release of H* into the ECF, the [H*], and therefore pH,
is relatively tightly controlled in blood by the following
mechanisms.

e H can be incorporated into water:

H'+HCO, ¢ H,CO, < CO,+HO  (4.7)

e The reaction is reversible, and H* combines with
HCO,™ only if the reaction is driven to the right
by the removal of CO,. By itself, this would cause
HCO," depletion.

e Buffering of H' is a temporary measure, as the H*
has not been excreted from the body. The production

of the weak acid of the buffer pair causes only a
small change in pH (see Henderson—Hasselbalch
equation). If H* are not completely neutralized
or eliminated from the body, and if production
continues, buffering power will eventually be so
depleted that the pH will change significantly.

e There are two main ways by which H* can be lost
from the body: through the kidneys or some of the
intestine, mainly the stomach. This mechanism is
coupled with the generation of HCO;. In the kidney
this is the method by which secretion of excess H*
ensures regeneration of buffering capacity.

ACID-BASE CONTROL SYSTEMS

Carbon dioxide and H* are potentially toxic products
of aerobic and anaerobic metabolism respectively. Most
CO, is lost through the lungs, but some is converted
to HCO,, thus contributing important extracellular
buffering capacity; inactivating one toxic product
provides a means of minimizing the effects of the other.

A buffer pair is most effective at maintaining a pH
near its pK , that is, when the ratio of the concentrations
of base to acid is close to 1. However, the optimum
pH of the ECF is about 7.4, and the pK, of the
bicarbonate system is 6.1. Although this may seem to
be disadvantageous, the bicarbonate system is the most
important buffer in the body because:

e it accounts for more than 60 per cent of the blood
buffering capacity,

e H" secretion by the kidney depends on it,

e itis necessary for efficient buffering by haemoglobin
(Hb), which provides most of the rest of the blood
buffering capacity.

The control of carbon dioxide by the lungs

The partial pressure of CO, (Pco,) in plasma is normally
about 5.3kPa (40 mmHg) and depends on the balance
between the rate of production by metabolism and the
loss through the pulmonary alveoli. The sequence of
events is as follows:

1. Inspired oxygen (O,) is carried from the lungs to the
tissues by Hb.

2. The tissue cells use the O, for aerobic metabolism;
some of the carbon in organic compounds is
oxidized to CO,.

3. CO, diffuses along a concentration gradient from
the cells into the ECF and is returned by the blood
to the lungs, where it is eliminated in expired air.
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4. The rate of respiration, and therefore the rate of CO,
elimination, is controlled by chemoreceptors in the
respiratory centre in the medulla of the brainstem
and by those in the carotid and aortic bodies. The
receptors respond to changes in the [CO,] or [H*]
of plasma or of the cerebrospinal fluid. If the Pco,
rises much above 5.3 kPa, or if the pH falls, the rate
of respiration increases.

Normal lungs have a very large reserve capacity for
elimination of CO,. Not only is there a plentiful supply
of CO,, the denominator in the Henderson—Hasselbalch
equation, but the normal respiratory centre and lungs
can control its concentration within narrow limits
by responding to changes in the [H'] and therefore
compensate for changes in acid-base disturbances.

Bicarbonate buffer system

The control of bicarbonate by the kidneys and
erythrocytes

The erythrocytes and renal tubular cells generate
HCO,, the buffer base in the bicarbonate system, from
CO,. Under physiological conditions:

e the erythrocyte mechanism makes fine adjustments
to the plasma [HCO,"] in response to changes in
Pco, in the lungs and tissues,

e the kidneys play the major role in maintaining the
circulating [HCO, ] and in eliminating H* from the
body.

The carbonate dehydratase system

Bicarbonate is produced following the dissociation
of carbonic acid formed from CO, and H,O. This is
catalysed by carbonate dehydratase (CD; carbonic
anhydrase), which is present in high concentrations in
erythrocytes and renal tubular cells:
CO, + H,0 <> H,CO, > H" + HCO,
CD

(4.8)

Erythrocytes and renal tubular cells have high
concentrations of CD, but also have means of removing
one of the products, H*; thus both reactions continue
to the right, and HCO, is formed. One of the reactants
(water) is freely available and one of the products (H")
is removed. Bicarbonate ion generation is therefore
accelerated if the concentration of:

e CO, rises,

e HCO, falls,

e H falls because it is either buffered by erythrocytes
or excreted from the body by renal tubular cells.

Therefore, an increase in intracellular Pco, or a
decrease in intracellular [HCO, ] in the erythrocytes
and renal tubular cells maintains the extracellular
[HCO, ] by accelerating the production of HCO,". This
minimizes changes in the ratio of [HCO, ] to Pco, and
therefore changes in pH.

In the normal subject, at a plasma Pco, of 5.3kPa
(a [CO,] of about 1.2mmol/L), erythrocytes and
renal tubular cells maintain the extracellular HCO,
at about 25mmol/L. The extracellular ratio of
[HCO, ] to [CO,] (both in mmol/L) is just over 20:1.
It can be calculated from the Henderson—Hasselbalch
equation, and with a pK_ of 6.1 this represents a pH
very near 7.4. An increase of intracellular Pco,, or a
decrease in intracellular [HCO,], accelerates HCO,
production and minimizes changes in the ratio and
therefore in pH.

Bicarbonate generation by the erythrocytes (Fig. 4.1)
Haemoglobin is an important blood buffer. However,
it only works effectively in cooperation with the
bicarbonate system:

Hb-
pH =pK_ +log [[HHb]]

(4.9)

Erythrocytes produce little CO, as they lack aerobic
pathways. Plasma CO, diffuses along a concentration
gradient into erythrocytes, where CD catalyses its
reaction with water to form carbonic acid (H,CO,),
which then dissociates. Much of the H* is buffered by
Hb, and the HCO, diffuses out into the extracellular
fluid along a concentration gradient.

Electrochemical neutrality is maintained by
diffusion of Cl" in the opposite direction into cells. This
movement of ions is known as the ‘chloride shift.

ClI

HCO3
25 mmol/L

Co,
5.3 kPa

Figure 4.1 Generation of bicarbonate by erythrocytes,
showing the chloride shift. CD, carbonate dehydratase;
Hb, haemoglobin.



62 Acid-base disturbances

Under normal circumstances the higher Pco, in the HCO;
blood leaving tissues stimulates erythrocyte HCO, Na*
production; consequently the arteriovenous difference
in the ratio of [HCO, ] to [CO,], and therefore the pH,

is kept relatively constant. Glomerulus »
Extracellular and intracellular buffers other than v
HCO, and Hb do not contribute significantly to blood HCO3
buffering. They include: v! 7/ /

Na* —» Na* + HCO5

e phosphate, which has a plasma concentration of
Renal tubular

about 1 mmol/L, but a higher concentration in bone lumen K"'*‘_ H*
and inside cells where buffering capacity is of more
importance v
p J H,CO, H,CO;

e proteins, which, because of their low concentrations
in plasma, also have little blood-buffering capacity.

cb cD

The kidneys /002— » CO,
Carbonate dehydratase is also of central importance H,0 H,0
in the mechanisms involved in H* secretion and in
maintaining the HCO,~ buffering capacity in the blood.
Hydrogen ions are secreted from renal tubular cells into ~ Figure 4.2 Normal reabsorption of filtered bicarbonate
the lumina, where they are buffered by constituents of the ~ from the renal tubules. CD, carbonate dehydratase.
glomerular filtrate. Unlike Hb in erythrocytes, urinary
buffers are constantly being replenished by continuing
glomerular filtration. For this reason, and because most
of the excess H* can only be eliminated from the body
by the renal route, the kidneys are of major importance Glomerulus
in compensating for chronic acidosis. Without them, the BT Na' Na*t HCO3
Hb buffering capacity would soon become saturated.

Two renal mechanisms control [HCO, ] in the ECF:

Renal tubular cell

e Bicarbonate reclamation  (‘reabsorption’), the L
predominant mechanism in maintaining the steady
state. The CO, driving the CD mechanism in renal

tubular cells is derived from filtered HCO,". There is v v |/ /

no net loss of H* (Fig. 4.2). B~ Na® —p Na* HCO,
e Bicarbonate generation, a very important mechanism

for correcting acidosis, in which the levels of CO, or tult)ir;::__ H* 4_H+‘\

[HCO,] affecting the CD reaction in renal tubular lumen

cells reflect those in the extracellular fluid. There is a
net loss of H* (Fig 4.3). HB H,C04

TCD
Cellular CO\
H,O

Renal tubular cell

Bicarbonate reclamation

|

|

|
Normal urine is nearly HCO,  free. An amount :
equivalent to that filtered by the glomeruli is returned |
to the body by the tubular cells. The luminal surfaces I
of renal tubular cells are impermeable to HCO;,". v
Thus, HCO,  can only be returned to the body if
ﬁrst' converted to CO, in the 'tubular lumina, and an  Figure 4.3 Net generation of bicarbonate by renal
equivalent amount of CO, is converted to HCO,” tubular cells with excretion of hydrogen ions. B-, non-
within tubular cells. The mechanism depends on the bicarbonate base; CD, carbonate dehydratase.
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action of CD, both in the brush border on the luminal
surfaces and within tubular cells, and on H* secreted
into the lumina in exchange for sodium (Na*). This
occurs predominantly in the proximal tubules but also
in the first part of the distal tubules:

e Bicarbonate is filtered through the glomeruli at a
plasma concentration of about 25 mmol/L.

e Filtered HCO,  combines with H", secreted by
tubular cells, to form H,CO..

e The H,CO, dissociates to form CO, and water. In the
proximal tubules this reaction is catalysed by CD in
the brush border. In the distal tubules, where the pH is
usuallylower, H CO, probably dissociates spontaneously.

e As the luminal Pco, rises, CO, diffuses into tubular
cells along a concentration gradient, and as the
intracellular concentration of CO, rises, CD catalyses
its combination with water to form H,CO,, which
dissociates into H" and HCO; .

e Hydrogen ions are secreted in the tubular lumina
in exchange for Na* and so the HCO, -generating
reactions start again from the second stage. As the
intracellular concentration of HCO," rises, HCO,-
diffuses into the ECF accompanied by Na*, which
has been reabsorbed in exchange for H*.

This self-perpetuating cycle reclaims buffering
capacity that would otherwise have been lost from the
body by glomerular filtration. The secreted H* is derived
from cellular water, and is incorporated into water in the
lumina. Because there is no net change in H* balance and
no net gain of HCO, this mechanism cannot correct an
acidosis but can maintain a steady state.

Bicarbonate generation

The mechanism in renal tubular cells for generating
HCO, is identical to that of HCO, reabsorption, but
there is net loss of H* from the body as well as a net gain
of HCO,". Therefore this mechanism is well suited to
correcting any type of acidosis.

Within tubular cells, CD may be stimulated by the
following.

e A rise in Pco,: in this case, the rise in [CO,] is the
indirect result of a rise in the extracellular Pco,. Renal
tubular cells, unlike erythrocytes with anaerobic
pathways, constantly produce CO, aerobically. This
diffuses out of cells into the extracellular fluid along
a concentration gradient. An increase in extracellular
Pco,, by reducing the gradient, slows this diffusion
and the intracellular Pco, rises.

e Afallof [HCO, ]: reduction of extracellular [HCO,],
by increasing the concentration gradient across renal
tubular cell membranes, increases the loss of HCO,
from cells.

Normally almost all the filtered HCO,™ is reabsorbed.
Once the luminal fluid is HCO, free, continued
secretion of H' and the intracellular generation of
HCO,™ depend on the presence of other filtered buffer
bases (B-). In their absence, the luminal acidity would
increase so much that further H* secretion would be
inhibited. These buffers, unlike HCO,, do not form
compounds capable of diffusing back into tubular cells,
nor is H* incorporated into water.

There is net loss of H" in urine as HB. The HCO,
formed in the cell is derived from cellular CO, and
therefore represents a net gain in HCO,”. Whenever
Immol of H* is secreted into the tubular lumen,
Immol of HCO,™ passes into the ECF with Na*. The
mechanism of HCO,™ generation is very similar to that
in erythrocytes. However, unlike red cells, renal tubular
cellsare exposed to a relatively constant Pco,. Bicarbonate
generation, coupled with H* secretion, becomes very
important in acidosis, when it is stimulated by either a
fall in extracellular [HCO, ] (metabolic acidosis) or a
rise in extracellular Pco, (respiratory acidosis).

Urinary buffers

Apart from HCO,, the two other major urinary buffers
are phosphate and ammonia (NH,); they are also
involved in HCO,™ generation.

Phosphate buffer pair

At pH 7.4, most of the phosphate in plasma, and also
in the glomerular filtrate, is monohydrogen phosphate
(HPO,*), which can accept H* to become dihydrogen
phosphate (H,PO,"). Bicarbonate can continue to
be generated within tubular cells, with H*, and to be
returned to the body after all that in the filtrate has
been reabsorbed. Therefore it can help to replace that
used in extracellular buffering. The pK_ of this buffer
pair is about 6.8:
H=6.8+1 HPO
PEZDET98 THpo, ]
Phosphate is normally the most important buffer in
the urine because its pK_is relatively close to the pH of
the glomerular filtrate and because the concentration
of phosphate increases 20-fold, to nearly 25 mmol/L, as
water is reabsorbed from the tubular lumen.

(4.10)
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Even in a mild acidosis, more phosphate ions are
released from bone than at normal pH; the need for
increased urinary H* secretion is linked with increased
buffering capacity in the glomerular filtrate owing to the
increase of phosphate. At a urinary pH below 5.5, most
of the filtered phosphate is converted to dihydrogen
phosphate. Therefore, at low pH, urinary phosphate
cannot maintain the essential buffering of continued H*
secretion. The predominant urinary anion is Cl, but,
because hydrochloric acid is almost completely ionized
in aqueous solution, it cannot act as a buffer.

The role of ammonia

As the urine becomes more acid, it can be shown to
contain increasing amounts of ammonium ion (NH,").
Urinary ammonia probably allows H* secretion, and
therefore HCO, formation, to continue after other
buffers have been depleted.

Ammonia, produced by hepatic deamination of
amino acids, is rapidly incorporated into urea, with a net
production of H*. However, as the systemic [H*] increases,
there is some shift from urea to glutamine (GluCONH,)
synthesis, with a slight fall in hepatic H* production.

Glutamine is taken up by renal tubular cells, where it
is hydrolysed by glutaminase to glutamate (GluCOO")
and NH,*:

H,0 + GIuCONH, - GluCOO~ + NH,*  (4.11)

Ammonia and NH,* form a buffer pair with a pK_of
about 9.8:

[NH, |

[N, (4.12)

pH=19.8 +log

Because of the very high pK, at pH 7.4 and below
the equilibrium is overwhelmingly in favour of NH,*
production. Ammonia can diffuse out of the cell into
the tubular lumen much more rapidly than NH_*. If the
luminal fluid is acidic, NH, will be retained within the
lumen by avid combination with H* derived from the
CD mechanism. This allows H, produced in the kidneys,
to be excreted as ammonium chloride (NH,*Cl"); thus,
in severe acidosis, HCO, formation can continue even
when phosphate buffering power has been exhausted.
There is a net gain of HCO,". However, H" as well as NH,
is released in renal tubular cells when NH,* dissociates;
this is maintained by passive diffusion of NH, into the
luminal fluid (Fig. 4.4).

On the face of it there seems no advantage in
buffering one H* secreted into the lumen if, at the same
time, another is produced within the cell.

Explanations for the role of NH, in the correction of
acidosis include the following:

e The fate of the GluCOO~ produced at the same
time as the NH, *. After further deamination to
2-oxoglutarate, it can be converted to glucose;
gluconeogenesis uses an amount of H* equivalent to
that used in the generation of NH,* produced from
glutamine. Therefore, the H* liberated into the cell
may be incorporated into glucose.

o A shift from urea synthesis to glutamine production
in the liver with a fall in systemic H* production in
the presence of an acidosis. This is a minor factor.

The rate of gluconeogenesis and glutamine synthesis
and glutaminase activity all increase in an acidosis.

Cl~ Na

N
Na* HCO5™
/ /
y v | -
CF Nar=PNa* HCO,
/H+<— H*
H,CO3
TCD
Cellular  CO,
QH3 <«— NH,q
|

CI™ NHg' NH," €— Glutamine
NH,CI H"  2-oxoglutarate
:
1
. Glucose
v

Figure 4.4 The role of ammonia in the generation

of bicarbonate by renal tubular cells. CD, carbonate
dehydratase. Modified with kind permission from
Williams DL, Marks V (eds), Biochemistry in Clinical
Practice. London: Heinemann Medical Books, 1983.
© Elsevier.
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Bicarb_onate. formation in the Plasma Parietal cell Gastric lumen
gastrointestinal tract
Carbonate dehydratase also catalyses the formation e > >cr
of HCO,™ in intestinal mucosal cells. The HCO,” may " -

pass either into the ECF or into the intestinal lumen —
a mechanism that can continue only if H* is pumped
in the opposite direction. Electrochemical neutrality is
maintained by one of two mechanisms:

e Na' exchange for H*, by a mechanism that is the
opposite of that in renal tubular cells,
e passage of Cl- with H*.

Acid secretion by the stomach

The parietal cells of the stomach secrete H* into the
lumen together with CI". As H*Cl™ enters the gastric
lumen, HCO, diffuses into the ECFE thus accounting for
the post-prandial ‘alkaline tide’ In the healthy subject
this is rapidly corrected by HCO,™ secretion, mainly by
the pancreas, as food passes down the intestinal tract.
This mechanism explains the metabolic alkalosis that
occurs in pyloric stenosis.

Sodium bicarbonate secretion by pancreatic and

biliary cells

Sodium bicarbonate secretion by the pancreatic and
biliary cells in response to stimulation by secretin
accounts for the alkalinization of the duodenal
fluid and occurs by the reverse process of NaHCO,
reabsorption in renal tubular cells. The pancreatic
and biliary mechanisms are accelerated by the local
rise in Pco, that results when H* is pumped into the
ECF and reacts with the HCO,™ generated by gastric
parietal cells. This is analogous to the stimulation of
renal HCO,~ formation by the rise in luminal Pco,.
Loss of large amounts of duodenal fluid may cause
HCO, depletion.

Bicarbonate secretion and chloride reabsorption by
intestinal cells

As fluid passes down the intestinal tract, HCO," enters
and CI" leaves the lumen by a reversal of the gastric
mucosal mechanism. Therefore the gastric loss of Cl-
and the gain of HCO,™ are finally corrected. Preferential
reabsorption of urinary Cl~ by this mechanism after
ureteric transplantation into the ileum, ileal loops
or the colon explains the hyperchloraemic acidosis
(normal anion-gap acidosis) associated with this
operation (Fig. 4.5).

HCOz¢———HCO; «—— CO,

4e

+
H,0

Net effect on plasma — gain of bicarbonate and loss of chloride

Plasma Pancreatic or Proximal small
biliary cell intestinal lumen
Na* > » Na*
H+: H+
+ +
HCO3 —» CO, +—»CO, —» HCO3————» HCO3
+ +
H,0 H,0
Net effect on plasma — loss of sodium bicarbonate
Plasma lleal or colonic cell lleal or
colonic lumen
Cl < < ClI
H+1 H+
+ +
HCO3 _y co, +—»C0O, — »HCO3—{——»HCO3
+ +
H,0 H,0

Net effect on plasma — loss of bicarbonate and gain of chloride

Figure 4.5 Acid-base balance in intestinal cells.

ACID-BASE

DISORDERS

Disturbances of H* homeostasis always involve the
bicarbonate buffer pair. In respiratory disturbances
abnormalities of CO, are primary, whereas in so-called
metabolic or non-respiratory disturbances [HCO, ] is
affected early and changes in CO, are secondary.

Acid blood pH is known as acidaemia, and alkaline
blood pH is called alkaemia. Abnormal processes, either
respiratory or metabolic, generate abnormal amounts
of acid or base — acidosis or alkalosis respectively. The
blood pH may or may not be abnormal because of the
compensatory mechanisms.

Acidosis or alkalosis can cause a variety of clinical
symptoms including arrhythmias, weakness, confusion
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CASE 1

A 7-year-old boy was admitted unconscious to
a casualty department. On examination he was
found to be hyperventilating. He had inadvertently
consumed ethylene glycol antifreeze, which he had
found in his parents’ garage stored in a lemonade
bottle. Blood results were as follows:

Plasma

Sodium 134 mmol/L (135-145)
Potassium 6.0 mmol/L (3.5-5.0)
Bicarbonate 10 mmol/L (24-32)
Chloride 93 mmol/L (95-105)
Glucose 5.3 mmol/L (3.5-6.0)

Arterial blood gases
pH 7.2 (7.35-7.45)
Paco, 3.18kPa (4.6-6.0)
Pao, 13.1kPa (9.3-13.3)

DISCUSSION

The results show a high anion gap, normally
about 15-20mmol/L, but in this case 37 mmol/L,
with metabolic acidosis, i.e. (134 + 6)—(10 + 93).
Hyperkalaemia is present due to the movement of
intracellular K* out of cells because of the acidosis.
The compensatory mechanism of hyperventilation
‘blows off” volatile acid in the form of CO,, hence the

low Pco,.

and gastrointestinal problems. It is noteworthy that
various enzymes have optimal pH values and acid-base
disturbance can perturb their function.

Acidosis

Acidosis occurs if there is a fall in the ratio of [HCO,"]
to Pco, in the ECE. It may be due to:

o metabolic (non-respiratory) acidosis, in which the
primary abnormality in the bicarbonate buffer
system is a reduction in [HCO, ],

e respiratory acidosis,in which the primary abnormality
in the bicarbonate buffer system is a rise in Pco,.

Metabolic acidosis

The primary disorder in the bicarbonate buffer system
in a metabolic acidosis is a reduction in [HCO, ],
resulting in a fall in blood pH. The reduction in the
HCO,™ may be due to:

e its use in buffering H* more rapidly than it can be
generated by normal homeostatic mechanisms,

e loss in the urine or gastrointestinal tract more
rapidly than it can be generated by normal
homeostatic mechanisms,

e impaired production.

The causes of a metabolic acidosis are shown in Box
4.1 and can be divided into those with a high and those
with a normal plasma anion gap.

Concept of plasma anion gap

One negative charge balances one positive charge, and
some substances are multivalent, having more than one
charge per mole. If the molecular weight is divided by
the valency, the charges on each resulting equivalent
will be the same as those on an equivalent of any other
chemical. Most of the ions in the following discussion
are monovalent, and hence the number of millimoles is
numerically the same as that of milliequivalents (mEq).
However, when calculating ion balance, the latter
notation should strictly be used, that is, concentration
of charges.

Sodium and potassium (K*) provide more than
90 per cent of plasma cation concentration in the
healthy subject; the balance includes low concentrations
of calcium (Ca?") and magnesium (Mg*"), which vary
only by small amounts.

p
Box 4.1 Some causes of a metabolic
acidosis

High plasma anion gap

Acute kidney injury and chronic kidney disease

Ketosis [diabetes mellitus (most common)l; also

ethanol excess or prolonged starvation

Lactic acidosis (see Box 4.2)

Intoxicants
Salicylates
disturbances)
Methanol
Ethanol
Ethylene glycol (antifreeze)

Propylene glycol (solvent for certain drug infusions)
Paraldehyde
Paracetamol

Massive rhabdomyolysis (muscle release of H* and

organic anions)

Organic acidurias

Normal plasma anion gap
Hyperchloraemic acidosis (see Box 4.3)

(can cause other acid-base
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More than 80 per cent of plasma anions are accounted
for by CI" and HCO,; the remaining 20 per cent or so
(sometimes referred to as unmeasured anion) is made
up of protein, and the normally low concentrations of
urate, phosphate, sulphate, lactate and other organic
anions.

The protein concentration remains relatively
constant, but the concentrations of other unmeasured
anions can vary considerably in disease.

The anion gap, represented as A~ in the following
equations, is the difference between the total
concentration of measured cations (Na* and K*) and
measured anions (Cland HCO,"); it is normally about
15-20 mEq/L. Therefore:

[Na*] + [K*] = [HCO;] + [CI] + [A7]
140 +4 =25 +100 +19mEq/L
(4.13)

As we will see later, the urinary anion gap can also be
measured and is useful in the diagnosis of renal tubular
acidosis (Fig. 4.6).

High anion gap acidosis

A useful mnemonic to help remember some of the causes
of a high anion gap metabolic acidosis is DR MAPLES:
D = diabetic ketoacidosis, R = renal, M = methanol,
A = alcoholic ketoacidosis, P = paracetamol, L = lactic
acidosis, E = ethylene glycol, S = salicylates.

If the number of negatively charged ions (in this
case HCOs‘) is reduced, electrochemical neutrality
is maintained by replacing them with an equivalent
number of other anion(s) or with ketone bodies
(acetoacetate and 3-hydroxybutyrate) in ketoacidosis
or lactate in lactic acidosis. Other causes of unmeasured
anion (A") are salicylate in aspirin overdose and
metabolites from methanol, paracetamol or ethylene
glycol poisoning.

ECF RENAL TUBULAR CELL
‘Added’ H* + HCO; <«———HCO3+ H*— Urine
HoCO5 H,CO5
Lungs CO, + H,0 H,0 Metabolic CO,

Figure 4.6 Hydrogen ion ‘shuttle’ between the site of
production and buffering and the site of elimination in
the kidneys. ECF, extracellular fluid.

In renal glomerular dysfunction (see Chapter 3),
even if tubular function is normal, HCO," generation
is impaired because the amount of Na* available
for exchange with H* and the amount of filtered
buffer A~ available to accept H* are both reduced.
These buffer anions contribute to the unmeasured
A~. For each milliequivalent of buffer A~ retained,
1 mEq fewer H* can be secreted, and therefore 1 mEq
fewer HCO," is generated. The retained A~ therefore
replaces HCO,".

In the following example, the plasma [HCO, ] will
be assumed to have fallen by 10 mmol(mEq)/L:

[Na*] + [K*] = [HCO;] + [CI'] + [A7]
140 +4 =15 +100 +29 mEq/L
(4.14)

The [HCO, ] has fallen from 25 to 15mEq/L and the
anion gap, entirely due to [A7], has risen by the same
amount, from 19 to 29 mEq/L, that is, a high anion gap.
If renal HCO,™ generation is so impaired that it cannot
keep pace with its peripheral utilization, the pH will fall.

It is worth noting that the plasma anion gap can be
decreased by an increase in unmeasured cations, e.g.
hyperkalaemia, hypercalcaemia, hypermagnesaemia,
high immunoglobulin G (IgG), bromide or lithium
intoxication, or by a decrease in unmeasured anions,
for example hypoalbuminaemia.

Lactic acidosis

Lactic acidosis is a common form of high anion gap
metabolic acidosis; some of the causes are shown in
Box 4.2. One definition used is an arterial pH of less
than 7.2 with a plasma lactate concentration greater
than 5.0mmol/L. The normal fasting blood lactate
is between 0.4 and 1.0mmol/L, which can rise to
1.5mmol/L on prolonged exercise (hyperlactataemia).

Most forms of lactic acidosis are due to increased
L-lactate, although in some malabsorption states, with
bacterial overgrowth, p-lactic acidosis may occur.

The Cohen and Woods classification of lactic acidosis
is as follows. The commonest type of lactic acidosis is
type A, due to poor tissue perfusion or hypoxia. Type
B is lactic acidosis not due to tissue underperfusion.
Type Bl is due to organ or tissue dysfunction including
severe hepatic disturbances as the liver is involved in
lactate metabolism. Metastatic malignant disease
can also evoke a lactic acidosis, probably because the
carcinoma tissue produces lactic acid. Type B2 lactic
acidosis is due to drugs and toxins. Type B3 is due to
inborn errors of metabolism.



68

Acid-base disturbances

Box 4.2 Some causes of lactic acidosis

Type A: hypoxic/poor circulation
Cardiovascular shock

Hypoxia

Severe anaemia

Carbon monoxide poisoning
Asphyxia

Respiratory/cardiac failure
Sepsis

Type B1: miscellaneous diseases
Cirrhosis

Fulminant hepatic failure
Widespread malignant disease, e.g. breast carcinoma
or haematological malignancies

Type B2: drugs and toxins
Biguanides

Salicylate

Ethanol

Methanol

Ethylene glycol

High-dose fructose or xylitol

Iron overdose

Human immunodeficiency virus
therapy

Type B3: metabolic disorders and inborn errors
Glucose-6-phosphatase deficiency

Pyruvate dehydrogenase/carboxylase deficiency
Fructose 1,6-diphosphatase deficiency
Mitochondrial defects

(HIV) retroviral

Beri beri (thiamine deficiency)

Hyperchloraemic acidosis or normal anion gap
metabolic acidosis

The combination of a low plasma [HCO, | and a high
[CI'], known as hyperchloraemic acidosis, is rare. The
anion gap in such cases is normal:
[Na*]+ [K*] = [HCO;] + [CI] + [A7]
140 +4 =15 +100 + 19mEq/L
(4.15)

The causes, which can usually be predicted on clinical
grounds, include HCO,™ loss in a one-to-one exchange
for CI. This occurs if the ureters are transplanted
into the ileum or colon, usually after cystectomy for
carcinoma of the bladder. If ClI"-containing fluid such
as urine enters the ileum, ileal loops or colon, the cells
exchange some of the CI" for HCO,.

Duodenal fluid, with a [HCO,"] about twice that
of plasma, is alkaline. If the rate of loss (for example
through small intestinal fistulae) exceeds that of the

renal ability to regenerate HCO,, the plasma [HCO,]
may fall enough to cause acidosis.

Overenthusiastic infusion of saline can also be
associated with a hyperchloraemic acidosis (see
Chapter 2 for discussion on intravenous fluid therapy
and the GIFTASUP guidelines). Acetazolamide
therapy is used to treat glaucoma. By inhibiting CD
activity in the eye, it reduces the formation of aqueous
humour. Inhibition of the enzyme in renal tubular
cells and erythrocytes impairs H* secretion and HCO,
formation. Hyperchloraemic acidosis sometimes
complicates treatment with acetazolamide and can be
associated with hypokalaemia.

Another cause of hyperchloraemic acidosis is
impaired H* secretion, and therefore HCO,™ produc-
tion, due to renal tubular acidosis.

In normal tubules, most filtered Na* is reabsorbed
with CI the rest is exchanged for secreted H' or K*. If
H" secretion is impaired, and yet the same amount of
Na'* is reabsorbed, Na* must be accompanied by Cl- or
exchanged for K*. This type of hyperchloraemic acidosis
is therefore often accompanied by hypokalaemia — like
acetazolamide treatment. This is an unusual finding in
acidosis, which is usually associated with hyperkalaemia
(Box 4.3).

p
Box 4.3 Some causes of a hyperchloraemic

acidosis (normal anion gap acidosis)

Ingestion of ammonium chloride, arginine, lysine,
sulphuric or hydrochloric acid

Drugs such as acetazolamide or anion-binding resins,
e.g. cholestyramine

Renal tubular acidosis (see Box 4.4)

Gastrointestinal disease, e.g. fistula or diarrhoea
Ureteric  diversion, e.g. ileal bladder or
ureterosigmoidostomy

Intravenous saline excess

Renal tubular acidosis

There are various forms of renal tubular acidosis, which
can present as a hyperchloraemic metabolic acidosis.
(See Box 4.4 for some causes.)

The more common, sometimes called classic, renal
tubular acidosis (type I) is due to a distal tubular
defect causing a failure of acid secretion by the cortical
collecting duct system of distal nephrons. The urinary
pH cannot fall much below that of plasma, even in
severe acidosis. The distal luminal cells are abnormally
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permeable to H*, and this impairs the ability of distal
tubules to build up a [H*] gradient between the tubular
lumina and cells. The re-entry of H* into distal tubular
cells inhibits CD activity at that site; proximal HCO,
reabsorption is normal. The inability to acidify the
urine normally can be demonstrated by using the
furosemide test or an NH Cl load.

CASE 2

A 52-year-old woman with Sjogren’s syndrome and
distal or type I renal tubular acidosis attended a renal
out-patient clinic. Her blood results were as follows:

Plasma

Sodium 144 mmol/L (135-145)

Potassium 3.0 mmol/L (3.5-5.0)
Bicarbonate 13 mmol/L (24-32)
Chloride 118 mmol/L (95-105)

DISCUSSION

The results are suggestive of a normal anion gap
metabolic acidosis or hyperchloraemic acidosis.
Hypokalaemia is unusual in the face of an acidosis,
one of the exceptions being renal tubular acidosis
type I or II. Note that the anion gap here is
(144 +3) — (13 + 118) = 16 mmol/L, which is a normal
gap although with high plasma [Cl"] and low [HCO,].

Box 4.4 Some causes of type | and type Il
renal tubular acidosis

Type | (failure of distal tubule secretion of hydrogen
ions)

Primary: sporadic/hereditary

Genetic: Wilson’s disease

Dysproteinaemia: amyloidosis, cryoglobulinaemia
Renal diseases: chronic pyelonephritis, renal
transplants

Autoimmune disorders: Sjogren’s syndrome, chronic
active hepatitis

Hyperparathyroidism

Drugs/toxins: lithium, amphotericin

Type Il (defect of proximal tubule bhicarbonate
reabsorption)
Primary: familial
Secondary
Myeloma
Amyloidosis
Heavy metal poisons

In renal tubular acidosis type II there is impairment
of HCO," reabsorption in the proximal tubule. Loss
of HCO,™ may cause systemic acidosis, but the ability
to form acid urine when acidosis becomes severe is
retained; the response to NH,Cl loading may therefore
be normal. Type II renal tubular acidosis is also
associated with amino aciduria, phosphaturia and
glycosuria, as in Fanconi’s syndrome.

Renal tubular acidosis type IV is associated with
hyporeninism hypoaldosteronism (see Chapter 8)
and with a hyperkalaemic hyperchloraemic acidosis.
Sometimes plasma renin and aldosterone measurement
may be useful to confirm this.

Investigation of renal tubular acidosis

e Measure the urinary anion gap and pH in a fresh
spot urine sample along with the plasma anion gap.
In practice, the urinary anion gap is the difference
between the sum of the urinary [Na*] and [K']
minus the urinary [Cl].

e A urinary anion gap of less than 100 mmol/L implies
low urinary [NH,*].

e In such cases a urinary pH of more than 5.5 in the
presence of a hyperchloraemic metabolic acidosis
and hypokalaemia is suggestive of type I, or distal,
renal tubular acidosis. Conversely, a urinary pH of
less than 5.5 in the presence of hyperchloraemic
metabolic acidosis and hyperkalaemia is suggestive
of renal tubular acidosis type IV. Plasma aldosterone
and renin concentrations may show hyporeninism
hypoaldosteronism in renal tubular acidosis type IV.

e A urinary anion gap of more than 100 mmol/L
implies high urinary [NH,*].

e Measure fractional excretion of HCO,” (FE% HCO,"),
which equals:

urine[HCO, | X plasma[creatinine]

x 100% (4.16)

plasma[HCO, ] X urine[creatinine]

which is normally less than 5 per cent.

e If the fractional excretion of HCO, is increased,
this is suggestive of renal tubular acidosis type II,
particularly if glycosuria, hypophosphaturia and
hypophosphataemia are also present.

e Sometimes a diagnosis of acidosis is difficult to
establish and additional tests are indicated. See
Table 4.1.

Furosemide screening test

The test relies on the fact that increased Na* delivery
to the distal tubules results in exchange for H* and K,
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Table 4.1 Biochemical features of renal tubular
acidosis (RTA)

Classic Proximal Type

dRTAtype |  RTAtypell IVRTA
Urine pH >55 <55 <55
Urine anion gap Positive Negative Positive
FE% HCO, <5-10% >15% 5-15%
Furosemide test Abnormal Normal Normal
Urine calcium Normal/high | Normal Normal
Urine citrate Low Normal Normal
Nephrocalcinosis Common Rare Rare
Metabolic bone disease Rare Common Rare
Other tubular defects Rare Common Rare
Plasma potassium Normal/low | Normal/low | High

dRTA, distal renal tubular acidosis; FE% HCO_", fractional excretion
of bicarbonate.

resulting in a decrease in urinary pH to less than 5.5
under normal conditions.

Furosemide 40mg is given orally and urine is
collected for pH every half-hour. However, like the
ammonium chloride test, a urinary pH of less than 5.5
usually precludes its need. Generally this is simpler and
safer than the ammonium chloride test and may be
preferable, assuming that there are no contraindications
to the use of furosemide.

Ammonium chloride load test for type | renal tubular acidosis

This testis not necessary if the pH of a urinary specimen,
collected overnight, is already less than 5.5.

The NH," is potentially acid because it can dissociate
to NH, and H*. After ingestion of ammonium chloride,
the kidneys usually secrete the H*, and the urinary pH
falls.

Procedure

e No food or fluid is taken after midnight.

e 08.00h: gelatine-encapsulated ammonium chloride
is given orally in a dose of 0.1 g/kg body weight. This
can act as a gastric irritant.

e Urine specimens are collected hourly and the pH of
each is measured immediately in the laboratory.

Interpretation

In normal subjects, the urinary pH falls to 5.5 or below
between 2 and 8 h after the dose. In generalized tubular
disease there may be a sufficient number of functioning
nephrons to achieve a normal level of acidification. In
distal renal tubular acidosis this degree of acidification

does not occur. Urinary acidification is normal in
proximal tubular acidosis.

This test can cause nausea and vomiting and is
contraindicated in liver disease.

Management of metabolic acidosis

The biochemical findings in plasma in a metabolic
acidosis are:

e plasma [HCO, ] is always low,

e Pco, is usually low (compensatory change),

e the pH is low (uncompensated or partly
compensated) or near normal (fully compensated),

e plasma [Cl] is unaffected in most cases unless
there is hyperchloraemic acidosis, for example it is
raised after ureteric transplantation, saline excess,
diarrhoea/fistulae, in renal tubular acidosis or during
acetazolamide treatment.

In many cases the diagnosis may be obvious from
the clinical history (particularly drug history) and
examination (Fig. 4.7).

Tests that may help to elucidate the cause of the
metabolic acidosis are:

plasma urea and creatinine estimation,
determination of plasma anion gap,

plasma glucose estimation,

blood lactate determination,

tests for ketones in urine,

tests for blood gases,

tests for drugs or poisons, for example ethanol,
paracetamol, salicylate (if indicated),

e specialized tests for renal tubular acidosis.

Treatment of a metabolic acidosis is usually that of
the underlying condition. Dialysis may be necessary in
the face of uraemia. Overdoses may also require dialysis,
for example ethylene glycol, methanol and salicylate.
Infusion of sodium bicarbonate (usually small boluses
containing about 50-100 mmol) is only rarely indicated
in severe metabolic acidosis of pH less than 7.1 and can
cause complications such as hypernatraemia, volume
overload, hypokalaemia, ‘overshoot’ alkalosis and
paradoxical central nervous system acidosis probably
due to the rapid diffusion of CO, across cell membranes
in comparison with slower HCO,” movement.

In distal type I and type II renal tubular acidosis,
oral HCO,™ therapy may be necessary. In type IV, if due
to hyporeninism hypoaldosteronism, fludrocortisone
(sometimes in conjunction with furosemide) may be
useful.
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Respiratory acidosis

The findings in respiratory acidosis differ significantly
from those in non-respiratory disturbances. Some of
the causes of respiratory acidosis are given in Box 4.5.

The primary abnormality in the bicarbonate buffer
system is CO, retention, usually due to impaired
alveolar ventilation with a consequent rise in Pco,. As in
the metabolic disturbance, the acidosis is accompanied
by a fall in the ratio of [HCO,"] to Pco,.

In acute respiratory failure, for example due to
bronchopneumonia or status asthmaticus, both the
erythrocyte and renal tubular mechanisms increase the
rate of generation as soon as the Pco, rises. In the short
term, renal contribution to HCO, production is limited
by time. A relatively large proportion of the slight rise in

‘ Metabolic acidosis ‘

v

‘ Determine the plasma anion gap ‘

plasma [HCO, ] is derived from erythrocytes because,
in normal circumstances, the Hb buffering mechanism
is not saturated. This degree of compensation is rarely
adequate to prevent a fall in pH.

In chronic respiratory failure, for example due
to chronic obstructive pulmonary disease (COPD),
the renal tubular mechanism is of great importance.
Haemoglobin buffering power is of limited capacity,
but, as long as the glomerular filtrate provides an
adequate supply of Na' for exchange with H* and
buffers to accept H*, tubular cells continue to generate
HCO,™ until the ratio of [HCO,] to Pco, is normal.
In stable chronic respiratory failure the pH may be
normal despite a very high Pco,, because of an equally
high plasma [HCO,].

y
Normal gap

‘ Hyperchloraemic acidosis ‘

v

‘ Determine plasma potassium ‘

Normal/high

Low

v

Alcohol or drug ingestion
(see Box 4.1)?

Yes

Acute kidney injury (AKI) or
chronic kidney disease (CKD)?

‘ Consider drugs (see Box 4.3) ‘

Consider drugs (see Box 4.3)

Yes

I

Elevated urine/plasma

Acute kidney injury (AKI) or

Ureteric diversion

ketones?
Diabetic ketoacidosis

chronic kidney disease (CKD)?

Yes

Consider RTA type IV
(see Table 4.1)

%

-

Consider lactic acidosis
(see Box 4.2)

Gastrointestinal
disorders?

Yes

Consider RTA type | or Il
(see Table 4.1)

Figure 4.7 Algorithm for the investigation of a metabolic acidosis. RTA, renal tubular acidosis.
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Box 4.5 Some causes of a respiratory
acidosis

/
Suppression of respiratory centre
Opiates, benzodiazepines, anaesthetic agents
Head injury, cerebral tumours, central nervous

system infection

Upper airways obstruction

Foreign body, tumour, aspiration
Bronchospasm

Obstructive sleep apnoea

Laryngospasm

Respiratory muscle disease

Muscle-relaxing drugs, e.g. pancuronium
Severe hypophosphataemia or hypokalaemia
Muscular dystrophy

Myasthenia gravis

Disorders affecting nerves supplying respiratory
muscles

Polio

Spinal cord injury

Botulism

Guillain—Barré syndrome

Disorders affecting mechanics of chest wall
Pneumothorax

Flail chest

Diaphragm paralysis

Severe kyphoscoliosis

Pickwickian syndrome due to severe obesity (sleep
apnoea)

Diseases of the lungs

Severe asthma

Pneumonia

Large pulmonary embolus

Chronic obstructive pulmonary disease
Pulmonary fibrosis

Acute respiratory distress syndrome

Management of respiratory acidosis

The blood findings in a respiratory acidosis are as
follows.

e Pco, is always raised.
e In acute respiratory failure:

— pH is low,

— [HCO, ] is high-normal or slightly raised.
e In chronic respiratory failure:

— pH is near normal or low, depending upon
chronicity (allowing time for compensation to
occur),

— [HCO, ] is raised.

CASE 3

A 67-year-old retired printer presented to casualty
because of increasing breathlessness. He had smoked
20 cigarettes a day for 50 years. On examination he
was found to be centrally cyanosed and coughing
copious green phlegm. His arterial blood results
were as follows:

pH 7.31 (7.35-7.45)

Paco, 9.3 kPa (4.6-6.0)

Pao, 6.9 kPa (9.3-13.3)
Bicarbonate 37 mmol/L (24-32)

DISCUSSION

The patient had chronic obstructive pulmonary
disease, and the blood gases show a respiratory
acidosis with hypercapnia and hypoxia. The latter
has resulted in central cyanosis. Compensation is via
the kidneys, with increased acid excretion and HCO,
reclamation. Chronic cases of respiratory acidosis are
usually almost totally compensated as there is time
for the kidneys and buffer systems to adapt. This is
unlike an acute respiratory acidosis due to bilateral
pneumothorax, in which the rapid acute changes
do not give sufficient time for the compensatory
mechanisms to take place. This patient had an acute
exacerbation of his lung disease and the CO, retention
exceeded the compensatory mechanisms.

In many cases the cause of the respiratory acidosis can
be deduced from the clinical history and examination in
conjunction with a chest radiograph and lung function
tests, if indicated (Fig. 4.8).

Treatment of a respiratory acidosis is usually of the
underlying disorder. Sodium bicarbonate infusion (see
above) is rarely indicated, except perhaps if the pH is
less than 7.1, such as in cardiopulmonary arrest. In
cases of bronchospasm or COPD, bronchodilators such
as B-agonists (for example salbutamol), anticholinergic
agents (for example ipratropium) or methylxanthines
(for example theophylline) may be useful. Sedative
drugs should be avoided, and naloxone may reverse
the actions of opiates and flumazenil the effects of
benzodiazepines.

Mechanical ventilation may be needed. Respiratory
stimulants such as doxapram or nikethamide are not
without side effects, for example they may lower the
epilepsy threshold. Medroxyprogesterone can increase
respiratory drive and has been used in pickwickian
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‘ Respiratory acidosis ‘

Is patient on drugs known

To suppress respiration?
I
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‘ Evidence of airways obstruction?
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‘ Evidence of respiratory depression?
|
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-

‘ Evidence of respiratory muscle disease?
|

Yes

o

‘ Evidence of thoracic cage/nerve disease?
|

v v

Evidence of primary pulmonary disease
(see Box 4.5)?

Figure 4.8 Algorithm for the investigation of a
respiratory acidosis.

syndrome (obesity—hypoventilation). Oxygen therapy
may be indicated if the patient is hypoxic and, in patients
with COPD who fulfil the criteria for 0, therapy,
this may decrease mortality and reduce pulmonary
hypertension. However, as discussed later, 0, therapy
should be used with caution if there is hypercapnia
(raised Pco,), which may aggravate the acidosis.

Alkalosis

Alkalosis occurs if there is a rise in the ratio of [HCO,]
to Pco, in the ECE.

In metabolic alkalosis the primary abnormality
in the bicarbonate buffer system is a rise in [HCO,].
There is little compensatory change in Pco,.

In respiratory alkalosis the primary abnormality is
a fall in the Pco,. The compensatory change is a fall in
[HCO,].

As the primary products of metabolism are H* and
CO,,not OH and HCO,, alkalosis is less common than
acidosis. The presenting clinical symptom of alkalosis
may be tetany despite a normal plasma total calcium
concentration; this is due to a fall in the free ionized
calcium fraction.

Metabolic alkalosis

A primary rise in plasma [HCO,”] may occur in the
following situations:

e Bicarbonate administration, such as the ingestion
of large amounts of HCO,” to treat indigestion
(milk—alkali syndrome, which is rare) or during
intravenous HCO," infusion. Usually both the cause
and the treatment are obvious.

e Severe K* depletion with the generation of HCO,
by the kidney. This is one of the most common
causes (discussed in Chapter 5). Here, H" shifts
into the intracellular space. As the extracellular [K*]
decreases, K* flow out of the cells and, to maintain
electrical neutrality, H" move into the intracellular
space.

e Loss of H': if a H" is excreted, a HCO,™ is gained in
the extracellular space. The most likely loss of H* is
through either the kidneys or the gastrointestinal
tract. In the case of the former, renal losses occur
when the distal tubule [Na*] absorption increases
in the presence of excessive aldosterone, which
stimulates the electrogenic epithelial Na* channel in
the collecting duct. As this channel reabsorbs Na*,
the tubular lumen becomes more negative, resulting
in H" and K" secretion into the lumen. In the case
of the gastrointestinal tract, nasogastric suction or
vomiting causes loss of gastric secretions, which are
rich in hydrochloric acid.

e Contraction alkalosis: thiazide or loop diuretic use
or Cl-losing diarrhoea results in the loss of HCO, -
poor, Cl-rich ECE This results in a contraction of
ECF volume and, because the original HCO, is
now dissolved in a smaller fluid volume, a slight
(2-4mmol/L) increase in [HCO,] occurs. This
is sometimes called ‘saline-responsive’ metabolic
alkalosis.

Box 4.6 shows some of the causes of metabolic alkalosis.

Compensation for metabolic alkalosis is relatively
ineffective. Although acidosis stimulates the respiratory
centre, alkalosis cannot usually depress it sufficiently
to bring the pH back to normal; respiratory inhibition
not only leads to CO, retention but also causes hypoxia,
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Box 4.6 Some causes of metabolic
alkalosis

Saline responsive (urine chloride <20 mmol/L)
Consider volume-depleted states

Ingestion of exogenous alkalis, e.g. milk—alkali syndrome
(rare) or salts of strong acids, previous diuretic use or
poorly reabsorbable anions, e.g. penicillin

Chloride loss from gastrointestinal tract, e.g. vomiting,
gastric suction, chloride-losing diarrhoea

Chloride loss from skin, e.g. cystic fibrosis

Saline unresponsive (urine chloride >20mmol/L)
Certain drugs such as current diuretic therapy or
exogenous mineralocorticoids, e.g. liquorice or
carbenoxolone

Severe hypokalaemia

Severe hypomagnesaemia

Endogenous mineralocorticoid excess, e.g. Cushing’s
syndrome, primary hyperaldosteronism (Conn’s
syndrome), Liddle’s syndrome, 11-hydroxylase and
17-hydroxylase deficiencies, Bartter’'s or Gitelman’s
syndrome

which can over-ride the inhibitory effect of alkalosis on
the respiratory centre. Consequently, CO, may not be
retained in adequate amounts to compensate for the
rise in plasma [HCO,].

Two factors may impair the ability to lose HCO,™ in
the urine and so may aggravate a metabolic alkalosis:

e A reduced glomerular filtration rate due to volume
depletion limits the total amount of HCO,™ that can
be lost.

e The [Cl] in the glomerular filtrate may be reduced
if there is severe hypochloraemia due to gastric CI-
loss. Isosmotic Na* reabsorption in proximal tubules
depends on passive reabsorption of CI- along the
electrochemical gradient. A reduction in available
Cl- limits isosmotic reabsorption, and more Na*
becomes available for exchange with H* and K*. The
urine becomes inappropriately acid, and H* secretion
stimulates inappropriate HCO,™ reabsorption. The
increased K* loss aggravates the hypokalaemia due to
alkalosis. Thus prolonged vomiting such as pyloric
stenosis vomiting or gastric aspiration may cause:

— hypochloraemic alkalosis,

— hypokalaemia,

— mild uraemia and haemoconcentration due to
volume depletion.

The hypokalaemia may become apparent only when
the plasma volume has been restored, but it should
be anticipated. Pyloric stenosis is usually treated
before severe hypochloraemic alkalosis develops.
Nevertheless, the typical changes in plasma HCO,” and
CI" may indicate the diagnosis. Chronic vomiting due
to pyloric stenosis is one of the most common causes
of hypochloraemia. If the pyloris is patent, the fluid
vomited is mixed with alkaline intestinal fluid and does
not cause this syndrome.

Management of a metabolic alkalosis
The arterial blood findings in metabolic alkalosis are:

blood pH high,

[H'] low,

[HCO,] raised,

Pco, raised in compensation.

A clinical and drug history and physical examination
may reveal the cause of the metabolic alkalosis (Fig.
4.9). Useful laboratory investigations in a metabolic
alkalosis may include:

e plasma Na*, K*, Cl-, Mg*" urea and creatinine,

e blood gases,

e spot urine [Cl] less than 20mmol/L suggests
the saline-responsive form (volume depletion or
contraction) of metabolic alkalosis, and more than
20mmol/L the saline-non- responsive form.

Other tests are indicated according to the clinical
situation, for example if primary hyperaldosteronism
(Conn’s syndrome) or Cushing’s syndrome is suspected
(mineralocorticoid excess syndromes; see Chapter 8).

Hypokalaemia should be investigated and treated
(see Chapter 5). If the patient is on a thiazide or loop
diuretic, this may need to be reduced or stopped.
Antiemetics may help stop vomiting, and proton pump
inhibitors may reduce gastric acid secretion.

If a saline-responsive alkalosis occurs with volume
depletion, intravenous infusion of isotonic saline may
help. The saline non-responsive form is often due to
mineralocorticoid excess.

Respiratory alkalosis

The primary abnormality in the bicarbonate buffer
system in respiratory alkalosis is a fall in Pco,. This is due
to abnormally rapid or deep respiration when the CO,
transport capacity of the pulmonary alveoli is relatively
normal. The fall in Pco, reduces the CD activity in renal
tubular cells and erythrocytes. The compensatory fall in
plasma [HCO,"] tends to correct the pH.
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Metabolic alkalosis

v

Measure a spot urine
chloride concentration
|

v

v

Urine chloride < 20 mmol/L
(saline responsive)

Urine chloride >20 mmol/L
(saline non-responsive)

v

v

Consider drug causes
(see Box 4.6)

Consider drug causes
(see Box 4.6)

Yes Yes

Consider chloride loss
(volume depletion)

Measure patient’s

blood pressure
|

Normotensive

e ¢

v

‘ Hypertension ‘

Evidence of

hypokalaemia?

Consider endogenous
mineralocorticoid excess

I

(e.g. Conn's syndrome)
(but excluding Bartter’s
or Gitelman’s)

Evidence of
hypomagnesaemia?

Figure 4.9 Algorithm for the investigation of a metabolic alkalosis.

It may be difficult to distinguish clinically between
the overbreathing due to metabolic acidosis, in which
the fall in plasma [HCO, ] is the primary biochemical
abnormality, and that due to respiratory alkalosis, in
which it is compensatory. In doubtful cases, estimation
of arterial pH and Pco, is indicated.

The arterial blood findings in respiratory alkalosis
are:

e Pco, is always reduced,

e [HCO, ] is low-normal or low,

e pHisraised (uncompensated or partly compensated)
or near normal (fully compensated).

Acute hypocapnia (low Pco,) can cause hypokalaemia
due to increased intracellular uptake of K*. A reduction in
free orionized calcium can lead to tetany and paraesthesiae.

The causes of respiratory alkalosis are shown in Box
4.7. One of the most common causes is anxiety-induced
hyperventilation. Salicylates stimulate the respiratory

centredirectly,and overdosage initially causes respiratory
alkalosis. They also uncouple oxidative phosphorylation,
and may evoke a lactic acidosis. Both these effects lower
plasma [HCO, ], but the pH may be high if respiratory
alkalosis is predominant, normal if the two cancel each
other out, or low if metabolic acidosis is predominant.

Management of respiratory alkalosis

The cause of the hyperventilation may be obvious from

the clinical history and examination (Fig. 4.10). A chest

radiograph and lung function tests may be indicated.
Laboratory tests could include:

e blood gases,

e plasma [K'] and ionized [Ca*'] may be low,

e elevated white cell count and relevant cultures may
point to sepsis as a cause of hyperventilation,

e full blood count to exclude anaemia,

e liver function tests when hepatic failure is suspected,

e excludesalicylate overdose and respiratory stimulants.



76

Acid-base disturbances

CASE 4

A baby girl a few days old had had projectile vomiting
since birth due to pyloric stenosis. Her blood results
were as follows:

Plasma

Sodium 137 mmol/L (135-145)
Potassium 3.0 mmol/L (3.5-5.0)
Bicarbonate 40 mmol/L (24-32)
Chloride 82 mmol/L (95-105)

Arterial blood gases

pH 7.52 (7.35-7.45)
Paco, 6.2kPa (4.6-6.0)
Pao, 12.9kPa (9.3-13.3)

DISCUSSION

The results are suggestive of a metabolic alkalosis
due to the severe vomiting. Note also the low plasma
[CI'] due to loss of hydrochloric acid in vomit,
and hypokalaemia resulting from K* movement
into cells due to the alkalosis. Compensation is by
hypoventilation and retention of CO,.

Box 4.7 Some causes of a respiratory
alkalosis

Hyperventilation, e.g. increased
mechanical ventilation

Exogenous agents that increase respiratory drive,
e.g. salicylates, theophylline, catecholamines,
nikethamide, doxapram, thyroxine and progestogens
Hypoxaemia due to early and non-severe pulmonary
disease, e.g. asthma, pulmonary embolus,
pneumonia, or high altitude

Increased cerebral respiratory centre drive, e.g. head
injury, cerebral tumour, meningitis, cerebrovascular
accidents

Increased non-cerebral causes of respiratory centre
drive, e.g. pregnancy, heat exposure, hepatic failure,
septicaemia

anxiety states,

CASE 5

A 20-year-old woman presented to casualty with a
panic attack. She had noticed peri-oral paraesthesia
and was found on examination to be hyperventilating.
Her arterial blood results were as follows:

pH 7.61 (7.35-7.45)
Paco,2.7kPa (4.6-6.0)

Pao, 13.3 kPa (9.3-13.3)
Bicarbonate 18 mmol/L (24-32)

DISCUSSION

The patient is showing a respiratory alkalosis. The
panic attack had resulted in hyperventilation. The
peri-oral paraesthesia is due to a lowering of plasma
ionized calcium concentration as a result of the
alkalosis. Compensation is by the kidneys, which
increase HCO,™ excretion and reduce acid excretion.

Treatment is usually of the underlying condition,
which is rarely life threatening unless arterial pH is
more than 7.5. During hyperventilation syndrome,
patients may benefit from reassurance, the treatment of
underlying psychological stress and rebreathing into a

paper bag during acute episodes.

Respiratory alkalosis

Is patient on agents that

stimulate respiration?
|

; }

‘ Evidence of hypoxaemia? ‘

v v
Yes

Evidence of central respiratory stimulation (see Box 4.7)?

v v
Yes

Evidence of specific conditions that can
cause a respiratory alkalosis (see Box 4.7)?

Figure 4.10 Algorithm for the investigation of a
respiratory alkalosis.

Compensatory changes in acid—base disturbances

In either metabolic or respiratory acidosis the ratio of
[HCO;] to Pco,, and therefore the pH, can be corrected
by a change in concentration of the other member of
the buffer pair in the same direction as the primary
abnormality. This compensation may be either partial
or complete, but never overcompensates, that is, there
is no pH overshoot.
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The compensatory change in a metabolic acidosis is
a reduction in Pco, by hyperventilation, whereas in a
respiratory acidosis it is a rise in plasma [HCO, ] by the
action of the renal tubules.

In a metabolic alkalosis, compensation by
hypoventilation results in an elevation of Pco,, whereas
in a respiratory alkalosis the kidneys increase HCO,
excretion, thereby lowering plasma [HCO,].

The pH in a fully compensated acidosis is
normal. However, the concentrations of the other
components of the Henderson—Hasselbalch equation
are abnormal. All parameters can return to normal
only if the primary abnormality is corrected: if
normalization occurs, this removes the ‘drive’ of the
compensation.

See Table 4.2 for a summary of acid-base disorders
and their respective compensations. These are
simplifications, as, in practice, mixed acid-base
disturbances may occur (e.g. in metabolic acidosis with
respiratory acidosis).

Table 4.2 Summary of findings in arterial blood in
disturbances of hydrogen ion homeostasis

pH Pco, [HCO,1 Plasma [K*]

Acidosis

Metabolic

Acute state 1 N \’ Usually T (L in
RTA Lor Il or
acetazolamide)

Compensation N 15 l T

Respiratory

Acute change l T NorT |71

Compensation N T i T

Alkalosis

Metabolic

Acute state T N T 4

Compensation N i T d

Respiratory

Acute change T d Nord |{

Compensation N 1} Je 4

Arrows, primary change; *arrows, compensatory change; N, normal;

RTA, renal tubular acidosis.

Potassium depletion can cause alkalosis, or alkalosis can cause
hypokalaemia. The clinical history may differentiate the cause of the
combination of hypokalaemia and alkalosis.
Overbreathing causes a low [HCO,] in respiratory alkalosis.
Metabolic acidosis, with a low [HCO,"], causes overbreathing.
Measurement of blood pH and Pco, can differentiate these two.

In an uncomplicated metabolic acidosis with a
high anion gap the change in [HCO,] is equimolar
with the change in the [A-]. Deviations from this
relationship indicate a mixed acid-base disturbance,
for example a metabolic acidosis and respiratory
acidosis (Fig. 4.11).

If a disease is chronic, then there is more time for
compensatory mechanisms to come into action to try
and restore pH.

BLOOD GASES

Theamount of O, in blood is determined by the amount
dissolved, the Hb concentration and the affinity of
Hb for 0,. Haemoglobin consists of four subunits,
each made up of a haem, a porphyrin ring containing
iron, and a polypeptide. As a haem takes up an O,
molecule, there is a rearrangement of the subunits that
facilitates the uptake of additional O,. This accounts for
the shape of the oxyhaemoglobin dissociation curve
(see Fig. 4.12). Factors that affect the affinity of haem
for oxygen include the following.

[H*1mmol/L

+

+

kY

l|I|III|III|IIII|I

I
PCO, (kPa)

[HCO3 ™I mmol/L

69 70 71 72 73 74 75 76 7.7
TN T I T T T T T T B

pH

A — Acute respiratory acidosis

B — Chronic respiratory acidosis
C — Chronic metabolic alkalosis
D — Acute respiratory alkalosis
E — Chronic respiratory alkalosis
F — Chronic metabolic acidosis
G — Acute metabolic acidosis
Central shaded area = Normal

Figure 4.11 Siggaard—Andersen acid-base chart for
arterial blood. Copyright Radiometer Medical Aps.
Adapted with permission.
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e pH of blood: as the pH falls, the affinity for
O, decreases. This is known as the Bohr effect.
Deoxygenated Hb binds H* more avidly and
accounts for the increased buffering capacity of Hb
in venous blood.

e 2,3-diphosphoglycerate (2,3-DPG) is formed during
glycolysis and is plentiful within the erythrocyte.
It binds to Hb, liberating more O,, so that the
dissociation curve shifts to the right. A fall in pH
decreases 2,3-DPG levels, thus potentially reducing
tissue oxygenation. Erythrocyte levels of 2,3-
DPG increase in anaemia and in some conditions
associated with chronic hypoxia.

e Fetal Hb has a greater affinity for O, than adult Hb,
thus facilitating the transfer of O, across the placenta.

Factors affecting blood gas results

In respiratory acidosis it is often important to know the
partial pressure of oxygen (Po,) as well as the pH, Pco,
and [HCO,].

Normal gaseous exchange across the pulmonary
alveoli involves loss of CO, and gain of O,. However,
in disease a fall in Po, and a rise in Pco, do not always
coexist. The reasons for this are as follows:

e Carbon dioxide is much more soluble in water than
O, and its rate of diffusion is about 20 times as high.
For example, in pulmonary oedema, diffusion of 0,
across alveolar walls is hindered by oedema fluid and
arterial Po, falls. The hypoxia and alveolar distension
stimulate respiration and CO, is excreted. However,
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Figure 4.12 The oxyhaemoglobin dissociation curve
showing the effect of pH (Bohr effect) on oxygen
saturation.

the rate of O, transport through the fluid cannot be
increased enough to restore normal arterial Po,. This
results in a low or normal Pco, and a low Po,. Only
in very severe cases is the Pco, raised.

e Haemoglobininarterial blood is normally 95 per cent
saturated with O,, and the small amount of O, in
simple solution in the plasma is in equilibrium with
oxyhaemoglobin. Increased air entry at atmospheric
Po, cannot significantly increase O, carriage in
blood leaving normal alveoli, but can reduce the
Pco,. Breathing pure O, increases arterial Po,, but
not Hb saturation.

e In conditions such as lobar pneumonia, pulmonary
collapse and pulmonary fibrosis or infiltration, not
all alveoli are affected equally. At first the gaseous
composition of blood leaving them is normal.
Increasing the rate or depth of respiration may later
lower the Pco, considerably, but does not alter either
the Po, or the Hb saturation.

e Obstruction of small airways means that air cannot
reach those alveoli supplied by them; the composition
of blood leaving them will be near that of venous
blood and there is a ventilation/perfusion mismatch
with a right-to-left shunt. Only if gaseous flow due
to increased respiratory exertion can overcome the
obstruction will it help to correct the low Po, and
high Pco,.

e Some alveoli may have normal air entry, but much
reduced blood supply. This is ‘dead space’. Increased
ventilation will have no effect, because there is little
blood to interact with the increased flow of gases.

Blood from unaffected alveoli and from those with
obstructed airways mixes in the pulmonary vein before
entering the left atrium. The high Pco, and low Po,
stimulate respiration and, if there are enough unaffected
alveoli, the very low Pco, in blood leaving them may
compensate for the high Pco, in blood from poorly
aerated alveoli. By contrast, neither the Po, nor the Hb
saturation will be significantly altered by mixing. The
systemic arterial blood will then have a low or normal
Pco, with a low Po,.

If the proportion of affected to normal alveoli is
very high, Pco, cannot adequately be corrected by
hyperventilation, and there will be a high arterial Pco,
with a low Po,.

If there are mechanical or neurological lesions
impairing respiratory movement or obstruction
of large, or most of the small, airways as in an acute
asthmatic attack, almost all alveoli will have a normal
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blood supply; the poor aeration will cause a high Pco,
and low Po, in the blood draining them, and therefore
in systemic arterial blood. Occasionally, stimulation
of respiration by alveolar stretching can maintain a
normal, or even low, Pco, early in an acute asthmatic
attack. A raised Pco, in an asthmatic indicates a severe
attack (Box 4.8).

Respiratory failure

Respiratory failure can be classified as either hypoxaemic
or hypercapnic:

e Hypoxaemic respiratory failure (type I) is defined
as hypoxaemia with a normal or low Paco,. This is
the most common form of respiratory failure and is
associated with most forms of pulmonary disease,
particularly when there is collapse of or fluid in
the alveoli. Examples are pulmonary oedema or
pneumonia. It may be difficult to determine from
blood gases whether hypoxaemic failure is acute or
chronic, although in chronic failure polycythaemia
or cor pulmonale may occur.

e Hpypercapnic respiratory failure (type 1II) is
characterized by both hypoxaemia and hypercapnia.
Hypoxaemia may occur, particularly if the patient

Box 4.8 Blood gases and respiratory
disease

In the list of examples given below the conditions
marked * may fall into either group, depending on
the severity of the disease.

Low arterial Po, with low or normal Pco, (hypoxia)
Pulmonary oedema (diffusion defect)

Lobar pneumonia

Pulmonary collapse*

Pulmonary fibrosis or infiltration*

Low arterial Po, with a high Pco, (hypoxia and
hypercapnia)

Impairment of movement of the chest

Chest injury

Gross obesity

Ankylosing spondylitis

Neurological conditions affecting the respiratory drive
Neurological conditions, e.g. poliomyelitis, affecting
innervation of respiratory muscles

Extensive airway obstruction: chronic obstructive
pulmonary disease; severe asthma; laryngeal spasm
Bronchopneumonia

Pulmonary collapse*

Pulmonary fibrosis or infiltration™

is breathing room air. Common causes include
chest wall abnormalities, neuromuscular disease,
drug overdose or severe airway disease, for example
asthma or COPD. This may be acute (within a few
hours), when pH may be less than 7.3, because there
is not time for renal compensation to take place, or
chronic, when arterial pH is only slightly low.

As well as treatment for the cause of the condition,
some patients may need mechanical ventilation. It is
important to remember that CO, narcosis can occur in
some patients with hypercapnia who are given O,. This
is because they may lose their hypoxic respiratory drive,
which can lead to rapid increases in Pco,.

Pulse oximeters

Pulse oximeters give non-invasive estimation of the
arterial Hb O, saturation. They are useful in anaesthesia,
recovery or intensive care (including neonatal units)
and during patient transport. There are two main
principles involved:

o differential light and
oxyhaemoglobin,
e identification of the pulsatile blood component of

the signal.

absorption by Hb

Oximetry gives a good estimation of adequate
oxygenation, but no direct information about
ventilation, including CO, status.

Inaccuracies of oximetry

Bright overhead lighting may give pulsatile waveforms
and saturation values when there is no pulse. Dyes
and pigments, including nail varnish, may give
artificially low values. Abnormal haemoglobins, such
as methaemoglobinaemia, cause readings to tend
towards 85 per cent (see Fig. 4.12). Furthermore,
carboxyhaemoglobin, caused by carbon monoxide (CO)
poisoning, causes saturation values to tend towards
100 per cent. A pulse oximeter is thus misleading in
cases of CO poisoning for this reason and should not
be used. Oxygen saturation values less than 70 per cent
can be inaccurate.

Cardiac arrhythmias may interfere with the oximeter
picking up the pulsatile signal properly and with
calculation of the pulse rate. Vasoconstriction and
hypothermia cause reduced tissue perfusion and failure
to register a signal. Cardiac valve defects may cause
venous pulsation, and therefore venous O, saturation is
recorded by the oximeter.
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Collection of specimens for blood gas

estimations

e Arterial specimens are usually preferable to capillary
specimens. Venous samples are avoided as the carbon
dioxide is raised compared with arterial samples as a
result of tissue metabolism.

e The heparin and specimen in the syringe must be
well mixed. Warning Excess heparin may dilute the
specimen and cause haemolysis.

e If sodium heparin is used, do not estimate [Na*]
using the same specimen as a resultant factitious
hypernatraemia can occur.

e Expelany air bubbles at once. The nozzle should then
be stoppered. Leaving the specimen in the syringe
should minimize gas exchange with the atmosphere.

e Performing the assay as soon as possible should
minimize the effect on pH of anaerobic erythrocyte
metabolism. The specimen should be kept cool and
not sent through a vacuum tube system because of
potential shaking.

In newborn infants, arterial puncture may be used or
capillary samples taken as an alternative. However, the
following precautions are essential:

e In order for the composition of the blood to be as
near arterial as possible, the area from which the
specimen is taken should be warm and pink. If there
is peripheral cyanosis, results may be dangerously
misleading.

e The blood should flow freely. Squeezing the skin
while sampling may dilute the specimen with
interstitial fluid.

e The capillary tubes must be heparinized, and mixing
with the blood must be complete (see above).

e The tubes must be completely filled with blood. Air
bubbles invalidate the results.

e The ends of the tubes should be sealed immediately.

Indications for arterial blood gas
determination

Arterial blood gas estimations may be indicated in the
following situations:

e There is doubt about the cause of the abnormal
plasma HCO,~ (for example to differentiate metabolic
acidosis from respiratory alkalosis or metabolic
alkalosis from respiratory acidosis).

e An acid-base disturbance is suspected, for example
after cardiopulmonary arrest, in renal failure
complicated by lung disease or in salicylate overdose.

In such conditions, the estimations are required only
if the results will influence treatment.

e There is an acute exacerbation of COPD or acute,
potentially reversible, lung disease. In such cases,
vigorous therapy or artificial respiration may tide
the patient over until lung function improves; more
precise information than the plasma [HCO,] is
needed to monitor and control treatment.

e Blood is being taken for estimation of Po, and to
guide O, therapy or artificial ventilation.

e To complement oximetry, particularly if low
saturations are found or hypercapnia is suspected.

INVESTIGATION OF HYDROGEN ION
DISTURBANCES

The following may be used to assess acid-base
disturbances in patients (see Fig. 4.11.)

Blood gases
Measurement of blood pH

Measurement of blood pH determines whether there
is an acidosis or alkalosis. If the pH is abnormal, the
primary abnormality may be in the control of CO, by
thelungs or respiratory centre, or in the balance between
HCO," utilization in buffering and its reabsorption and
regeneration by renal tubular cells and erythrocytes.
However, a normal pH does not exclude a disturbance
of these pathways: compensatory mechanisms may be
maintaining it.

Assessment of these factors can be made only by
measuring components of the bicarbonate buffer
system. There is reasonable correlation between arterial
and venous pH (the latter being about 0.04 units less)
but of course there are usually considerable Po, and
Pco, differences.

Measurement of blood [HCO,]

There are two methods that may be used to estimate
the circulating [HCO;], although it can of course be
measured directly:

e Plasma total CO, (TCO,) or sometimes termed
by some laboratories as bicarbonate on their
reports. The plasma [HCO, ] is probably the most
commonly measured index of H* homeostasis. If pH
and Pco, estimations are not needed, the assay has
certain advantages: venous blood can be used and it
can be performed together with assays for urea and
electrolytes. It is an estimate of the sum of plasma
HCO,, carbonic acid and dissolved CO,. At pH 7.4
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the ratio of [HCO,] to the other two components is
about 20:1, and at pH 7.1 it is still 10:1. Thus, if the
TCO, were 21 mmol/L, [HCO,] would contribute
20mmol/L at pH 7.4 and just over 19 mmol/L at
pH 7.1. Only 1 mmol/L and just under 2mmol/L,
respectively, would be due to H,CO, and CO,
respectively. Thus, TCO, is effectively a measure of
the plasma [HCO,].

e The [HCO,] is calculated from the Henderson—
Hasselbalch equation, using the measured values
of pH and Pco, (in kPa) in whole arterial blood. It
is a measure of the whole blood [HCO, ] and, for
the reasons discussed above, usually agrees well with
plasma TCO,. It is the estimate of choice if the other
two parameters are being measured.

e Base excess is defined as the amount of acid that
must be added to 1L of fully oxygenated blood
to return the pH to 7.40 at 37°C and Pco, at
40mmHg (5.3kPa). The usual reference range is
-2 to +2mEq/L. It is a measure of the metabolic
component that is independent of the respiratory
component. In a metabolic alkalosis base excess is
more than +2mEgq/L, and in a metabolic acidosis
base excess is less than —2 mEq/L.

e Standard bicarbonate is provided by some blood gas
machinesand defined asthebicarbonate concentration
under standard conditions: Pco, = 40mmHg
(5.3kPa), at 37°C, and saturated with oxygen and is a
good measure of the metabolic component.

Concentration of dissolved CO,

The concentration of dissolved CO, is calculated by
multiplying the measured Pco, by the solubility constant
of the gas: 0.23 if Pco, is in kPa or 0.03 if it is in mmHg.

Stewart’s strong ion difference (SID) hypothesis

Although this chapter focuses on the Siggaard—
Andersen ‘classic’ theory of acid—base disturbance, there
is another approach. Stewart takes into consideration
the buffering capacity of albumin. Here:

log [SID] — xb [Atotal]/(xb + 10 — pH)
oPco,

pH= pKa +
(4.17)

where [SID] = [Na'] + [K'] — [CIT] — [lactate],
[Atotal] = all plasma weak acids mainly albumin, and
a, b, and k are all constants.

This theory may help to explain the metabolic
alkalosis seen in severely ill hypoalbuminaemic patients
(see Chapter 19) and the hyperchloraemic acidosis seen
with excess saline administration.

Indications for plasma and urinary chloride
estimation
Hyperchloraemia occurs in a normal anion gap
metabolic acidosis. Conversely, hypochloraemia is seen
in the metabolic alkalosis of pyloric stenosis or chronic
vomiting.

Plasma [Cl"] estimation may help in two main
situations:

e If a patient who is vomiting has a high plasma
[HCO, ], the finding of a low [Cl] favours the
diagnosis of pyloric stenosis or chronic vomiting.

e If there is a low plasma [HCO, ], the finding of a
high plasma [CI'] (and therefore a normal anion
gap) strengthens the suspicion of hyperchloraemic
acidosis. In metabolic acidosis due to most other
causes the plasma [Cl7] is normal and the anion gap
is increased.

A spot urinary [Cl] can be useful in determining
the cause of a metabolic alkalosis. A [Cl7] less than
20mmol/L is indicative of a saline-responsive
metabolic alkalosis, for example chronic vomiting, and
a urinary [Cl"] more than 20 mmol/L of a saline-non-
responsive form of metabolic alkalosis, for example as
in mineralocorticoid excess syndromes such as Bartter’s
syndrome. Diuretics can cause variable urine chloride
concentrations, which are usually raised initially and
then reduce with chronic use.
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SUMMARY

e Tight homeostatic control of acid-base balance is
essential, otherwise cell malfunction and death can
occur. The kidneys excrete non-volatile acid via the
renal tubules into the urine, while the lungs excrete
volatile acid as CO,.

e The major extracellular buffer system involves HCO,.

e Blood pH is inversely proportional to the Pco, and
directly proportional to the [HCO,]. This can be
determined on a blood gas analyser (Fig. 4.13).

e Respiratory acidosis results from disorders of the
respiratory system and is caused by CO, retention.
Conversely, respiratory alkalosis is due to excess
CO, loss, as in hyperventilation. In the case of the
former, compensation is by the renal excretion of
non-volatile acid and reclamation of HCO;". In the
latter, the kidneys compensate by losing HCO, .

e Metabolic (non-respiratory) acidosis results from
increased non-volatile acid such as lactic acid or
certain ketones. Compensation is by the lungs, which
increase CO, excretion by hyperventilation. Metabolic
(non-respiratory) alkalosis is caused by HCO,™ excess
and acid loss, such as in prolonged vomiting, and its
compensation is via the lungs, which hypoventilate,
thereby retaining volatile acid as CO,.

Figure 4.13 Analyser used to determine patient arterial
blood gases. Reproduced with kind permission of
Medica Corporation.
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There is an important inter-relationship between
the processes of potassium metabolism and those of
water and sodium balance, renal function and acid—
base disorders (discussed in the preceding chapters).
Abnormalities of potassium homeostasis such as
plasma concentrations that are too low (hypokalaemia)
or too high (hyperkalaemia) are also relatively common
in clinical practice and important to know about, as
they may become life threatening.

POTASSIUM HOMEOSTASIS

The total amount of potassium in the body is about
3000 mmol, of which about 98 per cent is intracellular.
For this reason the plasma potassium concentration is
a poor indicator of the total body content.

Factors affecting plasma potassium
concentration

The intracellular potassium ion concentration ([K*])
is large and provides a reservoir for the extracellular
compartment. Consequently changes in water balance
have little direct effect on the plasma [K*], unlike
plasma [Na*].

The normal potassium intake is about 60—100 mmol/
day. Potassium enters and leaves the extracellular
compartment by three main routes:

e the intestine,
o the kidneys,
e the membranes of all other cells.

The intestine

Potassium is principally absorbed in the small intestine.
Dietary intake replaces net urinary and faecal loss.
Prolonged starvation can cause or aggravate potassium
depletion leading to hypokalaemia. Meat, vegetables
and fruit including bananas have about 6.2 mmol/100g
of potassium. Foods with a high content of potassium
(more than 12.5mmol/100 g) include dried fruits (dates
and prunes), nuts, avocados and bran/wheat grain.
Dried figs, molasses and seaweed are rich in potassium
(more than 25 mmol/100g).

Potassium leaves the extracellular compartment
in all intestinal secretions, usually at concentrations
near to or a little above that in plasma. A total of about
60 mmol/day is lost into the intestinal lumen, most of
which is reabsorbed. Less than 10 mmol/day is present
in formed faeces. Excessive intestinal potassium loss can
occur in diarrhoea, ileostomy fluid or through fistulae.

The kidneys
Glomerular filtrate

Potassium is filtered by the glomeruli and, owing to the
huge volume of the filtrate, about 800 mmol (about a
quarter of the total body content) would be lost daily if
there were no tubular regulation. The net loss is about
10 per cent of that filtered.

The tubules

Potassium is normally almost completely reabsorbed
in the proximal tubules. Damage to these may cause
potassium depletion. Potassium is secreted in the
distal tubules and collecting ducts in exchange for Na*;
hydrogen ions (H*) compete with potassium ions (K*).
Aldosterone stimulates both exchange mechanisms.
If the proximal tubules are functioning normally,
potassium loss in the urine depends on three factors:

1. The amount of sodium available for exchange: this
depends on the glomerular filtration rate, filtered
sodium load, and sodium reabsorption from the
proximal tubules and loops of Henle. As discussed
later, reabsorption in the loops is inhibited by many
diuretics.

2. The circulating aldosterone concentration: this is
increased following fluid loss, with volume con-
traction, which usually accompanies intestinal loss
of potassium, and in most conditions for which
patients are receiving diuretic therapy. Hyperkal-
aemia stimulates aldosterone release in synergy
with angiotensin II, while hypokalaemia inhibits it.

3. The relative amounts of H* and K" in the cells of the
distal tubules and collecting ducts, and the ability to
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secrete H* in exchange for Na*: this may be impaired
during treatment with carbonate dehydratase
(CD) inhibitors and in some types of renal tubular
acidosis (Chapter 4).

The cell membranes

The Na*/K* adenosine triphosphatase (ATPase) ‘pump’
on cell surfaces maintains a high intracellular [K*].
This exchanges three Na* ions from cells in exchange
for two K* ions in the extracellular fluid (ECF), thus
establishing an electrochemical gradient across the cell
membrane, with a net positive charge in the ECFE. The
loss of K* from cells down the concentration gradient is
opposed by this electrochemical gradient. Potassium is
also exchanged for H* (Fig. 5.1).

A small shift of K* out of cells may cause a significant
rise in plasma concentrations, whether in vivo or in vitro.
In the latter situation, the artefactual hyperkalaemia due
to haemolysed or old specimens may be misinterpreted
and should be avoided. Usually the shift of K* across
cell membranes is accompanied by a shift of Na* in
the opposite direction, but the percentage change in
extracellular [Na*] is much less than that of K*.

Increased uptake and net gain of K* by cells may
occur in alkalosis due to increased uptake by cells and
increased urinary loss. Insulin enhances the cellular
uptake of glucose and potassium. Hyperkalaemia
stimulates insulin secretion and hypokalaemia inhibits
it. This effect may be used to treat hyperkalaemia
by giving exogenous insulin/glucose infusion (see
Treatment of hyperkalaemia). It is the main cause of the
change from hyperkalaemia to hypokalaemia during
the treatment of diabetic ketoacidosis.

Catecholamines have a similar action, and it has been
suggested that this may contribute to the hypokalaemia
sometimes found after the stress of myocardial
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Figure 5.1 Potassium pumps on cell membranes.

infarction. B-adrenergic stimulation increases cellular
potassium uptake by stimulating the Na'/K*-ATPase
‘pump’.  B-blockade increases plasma potassium
concentration and B-agonists decrease it, an effect that
is independent of body potassium stores.

Synthesis of Na'/K*-ATPase is stimulated by
thyroxine, which may contribute to the hypokalaemia
sometimes associated with hyperthyroidism.

Relationship between hydrogen and
potassium ions (Fig. 5.2)

The extracellular [H*] affects the entry of potassium
into all cells. Changes in the relative proportions of K*
and H' in distal renal tubular cells affect the urinary
loss of potassium. There is a reciprocal relationship
between K+ and H*:

e In acidosis, increased loss of potassium from cells
into the ECF coupled with reduced urinary secretion
of potassium causes hyperkalaemia.

e In alkalosis, net increased uptake of potassium into
cells and increased urinary potassium loss cause
hypokalaemia.

In the kidney, Na* derived from the luminal fluid
is pumped through the cell in exchange for either K*
or H*. If K* is lost from the ECEF, it passes down the
increased concentration gradient, so reducing its

B- Na*
Glomerulus
e
v v |
B~ Na*—»Na* » Na*
@ ——————— Aldosterone
H+<— H/*+ » HCO,~
Renal __ | K
tubular
lumen
H|B H,CO,4
|
| CD
|
: CO\
| H,0
|
l Renal tubular cell

Figure 5.2 Exchange of Na* for either K* or H* in the
renal tubules. B-, non-bicarbonate base; CD, carbonate
dehydratase.
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intracellular content. Unless there is renal tubular cell
damage, Na* are reabsorbed in exchange for fewer K*
and more H* than usual. For each H* formed within the
tubular cell by the CD mechanism, one bicarbonate ion
(HCO,") is produced:

H,0 + CO, 3 H*+ HCO, (5.1)

As more H* is secreted into the urine, the reaction
is increased and more HCO,™ is generated, passing into
the ECF accompanied by the reabsorbed Na*. The result
is an extracellular alkalosis and acid urine. Therefore,
chronic potassium depletion is usually accompanied
by a high plasma bicarbonate concentration. The
combination of hypokalaemia and a high plasma
bicarbonate concentration is more likely to be due to
K* depletion than to metabolic alkalosis.

Potassium and diuretic therapy

Diuretics may be used to treat hypertension as well as
oedema, for example in cardiac failure. They can be
divided into two principal groups, based upon their site
of action.

e Potassium-losing diuretics increase the sodium load
on the distal tubules and collecting ducts with
enhanced Na/K* exchange. This may result in
hypokalaemia.

— Loop diuretics, such as furosemide or
bumetanide, inhibit sodium reabsorption from
the ascending limb of the loops of Henle.

— Thiazides act at the junction of the loops and
the distal tubules, which are sometimes called
the ‘cortical diluting segments’

— Carbonate dehydratase inhibitors, such as
acetazolamide, are rarely used as diuretics but
are still used to treat glaucoma. They may cause
a hypokalaemic hyperchloraemic acidosis.

e Potassium-sparing diuretics.

— Diuretics thatinhibit either aldosterone directly
or the exchange mechanisms in the distal
tubules and collecting ducts cause potassium
retention and may lead to hyperkalaemia,
especially if glomerular function is impaired.
Potassium-sparing/-retaining diuretics include
spironolactone, a competitive aldosterone
antagonist.

— Other potassium-sparing diuretics include
amiloride and triamterene, which are direct
inhibitors of the Na*/K* exchange mechanism
in the distal tubules.

Potassium-sparing diuretics can be used together
with those causing potassium loss when hypokalaemia
cannot be controlled by potassium supplementation.
Used alone, they have only a weak diuretic action. Beware
of giving potassium supplements to patients taking
potassium-sparing diuretics or angiotensin-converting
enzyme (ACE) inhibitors or angiotensin II receptor
blockers (ARBs) because of the risk of hyperkalaemia.

Measurement of plasma and urinary
potassium

In rapidly changing clinical states frequent estimation
of plasma potassium is the best way of assessing therapy.
Plasma potassium is best measured in a freshly collected,
unhaemolysed venous sample as a corresponding
serum concentration is higher owing to the release of
intracellular potassium as part of the clotting process.
In chronic potassium depletion, measurement of the
plasma bicarbonate concentration ([HCO,"]) may help
to indicate the state of cellular repletion (intracellular
potassium depletion causes extracellular alkalosis).

Urinary potassium (kaluria) estimations to
determine the primary cause of potassium depletion
may be useful diagnostically to help find the cause of
hypokalaemia. Most extrarenal causes of potassium loss
are associated with volume depletion and therefore with
secondary hyperaldosteronism. Excretion of less than
about 20 mmol/day can be expected only in the well-
hydrated hypokalaemic patient with extrarenal losses,
in whom aldosterone secretion is inhibited. Therefore
a low potassium excretion confirms extrarenal loss, but
a high one does not prove that it is the primary cause.
High urinary potassium concentration (for example
more than 20mmol/L) in the face of hypokalaemia
suggests inappropriate K* renal loss as a cause of
the hypokalaemia, for example due to renal tubular
problems or mineralocorticoid excess syndromes.

The transtubular potassium gradient (TTKG) is an
estimate of the potassium concentration at the end
of the cortical collecting duct beyond the site where
aldosterone influences potassium secretion. This can
be calculated on a spot urine (which should have an
osmolality greater than that of the plasma) and plasma
samples from the following equation:

urinary [potassium] X plasma osmolality (5.2)

plasma [potassium] X urine osmolality

The TTKG may be useful diagnostically in the
investigation of hyperkalaemia, when a TTKG less than
3 implies that the kidneys are not excreting potassium
appropriately (i.e. a lack of aldosterone effect).
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ABNORMALITIES OF PLASMA
POTASSIUM

Hypokalaemia

Hypokalaemia is often the result of potassium depletion,
but if the rate of loss of potassium from cells equals or
exceeds that from the ECF, potassium depletion may
exist without hypokalaemia. Hypokalaemia can also
occur without depletion if there is a shift of K* into cells.

The causes of hypokalaemia (summarized in Box 5.1)
may be classified according to the predominant cause as
either renal or non-renal. Pseudohypokalaemiais defined
as the in vitro uptake of K* from the plasma into blood
cells, primarily erythrocytes. This sometimes occurs if
the blood sample is kept in a warm environment. This
contrasts with the more usual hyperkalaemia found in
specimens stored in the refrigerator.

Renal causes of hypokalaemia

e Enhanced renal secretion of potassium due to
increased activity of the pump in distal renal tubules
by mineralocorticoid activity. This is associated with
a hypokalaemic alkalosis.

— Primaryhyperaldosteronism (Conn’ssyndrome)
due to adrenal adenoma or hyperplasia (see
Chapter 8).

— Secondary hyperaldosteronism often aggravates
other causes of potassium depletion (see
Chapter 2).

— Cushing’s syndrome and steroid therapy.
Patients secreting excess of, or on prolonged
therapy with, glucocorticoids tend to become
hypokalaemic due to the mineralocorticoid
effect on the distal renal tubules (see Chapter 8).

— ‘Ectopic  adrenocorticotrophic ~ hormone
(ACTH) secretion, which stimulates cortisol
secretion (see Chapter 8).

— Bartter’s syndrome is a rare autosomal recessive
condition in which there is hyperplasia of the
renal juxtaglomerular apparatus with increased
renin and therefore aldosterone secretion.
Angiotensin II activity is impaired and therefore
there is no vasoconstriction; consequently the
patient is normotensive. This latter finding
helps to distinguish the syndrome from that of
primary hyperaldosteronism, in which there can
also be a hypokalaemic alkalosis. Individuals may
have polyuria, polydipsia, short stature, learning
difficulties and maternal polyhydramnios. The
defect is in the epithelial ion channels of the
ascending limb. The biochemical features mimic

p
Box 5.1 Some causes of hypokalaemia
classified into predominantly non-renal
and renal causes

Renal causes
Increased Na*/K+ exchange
Primary hyperaldosteronism (Conn’s syndrome)
Secondary hyperaldosteronism
Cushing’s syndrome
Steroid therapy
‘Ectopic’ adrenocorticotrophic hormone (ACTH)
secretion
Bartter’s syndrome or Gitelman’s syndrome
Carbenoxolone therapy
Liquorice excess
Liddle’s syndrome (pseudohyperaldosteronism)
11-hydroxylase and 17-hydroxylase deficiencies
(rare)
Excess Na* available for exchange
Infusion of saline
Diuretics (‘loop’ diuretics)
Decreased Na*/H* exchange
Carbonate dehydratase inhibitors
Renal tubular acidosis (types | and II)
Impaired proximal tubular reabsorption
Renal tubular dysfunction
Fanconi’s syndrome
Hypomagnesaemia

Non-renal causes
Redistribution
Glucose and insulin
Catecholamines
Familial hypokalaemic periodic paralysis (rare)
Barium intoxication (rare)
Vitamin B, therapy
Certain rapidly growing tumours
Intestinal loss
Prolonged vomiting
Diarrhoea
Loss through intestinal fistula
Purgative abuse
Reduced intake
Poor diet
Geophagia (rare)
Combined causes
Alkalosis
Pyloric stenosis

those ofhigh-doseloop diureticintake. Treatment
consists of potassium supplementation, often
with a potassium-sparing diuretic such as
spironolactone or amiloride. By suppressing
prostaglandin-stimulated renin release, non-
steroidal anti-inflammatory drugs may also
improve the condition.
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The very rare Gitelman’s syndrome, in contrast
to Bartter’s syndrome, is often asymptomatic
until adulthood. It is an autosomal recessive
condition due to a mutation in the thiazide-
sensitive Na*/Cl~ co-transporter in the
distal convoluted tubules. Unlike Bartter’s,
there is more severe hypomagnesaemia and
hypocalciuria. Once thiazide use has been
excluded, a hypokalaemic hypomagnesaemic
alkalosis in the presence of a urinary calcium to
creatinine molar ratio less than 0.2 is suggestive
of Gitelman’s syndrome.

Liddle’s syndrome, also very rare, is an
autosomal  dominant condition  with
hypertension and hypokalaemic metabolic
alkalosisis, in which suppressed plasma
aldosterone and renin concentrations are
associated with cerebrovascular disease.
Mutations in the selective sodium channels
cause increased sodium reabsorption through
the collecting duct epithelial sodium channel,
causing hypertension. Treatment involves
sodium restriction and potassium-sparing
diuretics such as amiloride or triamterene;
spironolactone is ineffective.

Carbenoxolone therapy is occasionally used
to accelerate the healing of peptic ulcers. It
potentiates the action of aldosterone and can
cause hypokalaemia by inhibiting the enzyme
11-B-hydroxysteroid ~ dehydrogenase  (see
Chapter 8).

Liquorice and tobacco contain glycyrrhizinic acid,
whichalsoinhibits the enzyme 11-B-hydroxysteroid
dehydrogenase. Overindulgence in liquorice-
containing sweets or habitual tobacco chewing
can rarely cause hypokalaemia (see Chapter 8).

e Increased renal potassium loss may also result from
impaired proximal tubular potassium reabsorption

as in:

renal tubular dysfunction (for example the
recovery phase of acute oliguric kidney injury),
Fanconi’s syndrome (see Chapter 3),
hypercalcaemia, which may impair the
reabsorption of potassium even if there is no
renal damage,

hypomagnesaemia can also reduce the
intracellular potassium concentration and
causes renal potassium wasting — it may be a
cause of a refractory hypokalaemia unless the
plasma magnesium is corrected,

— a number of drugs can cause increased renal
loss of potassium, usually from distal tubules,
including diuretics (non-potassium sparing),
cisplatin, aminoglycosides, amphotericin and
foscarnet, and also CD inhibitors, for example
acetazolamide.

e Decreased renal Na'/H* exchange because of
impaired generation of H* within the renal tubular
cells, which favours Na'/K* exchange associated
with a hypokalaemia. Causes include renal tubular
acidosis types I and II (see Chapter 4).

e Excess sodium available for exchange in the distal
renal tubules can also increase renal potassium loss.
These include:

— prolonged infusion of saline,

— diuretics inhibiting the pump in the loops
of Henle — the activity of the distal pump is
enhanced by secondary hyperaldosteronism.

Non-renal causes of hypokalaemia

e Redistribution within the body, by entry into cells.

— Glucose and insulin therapy. This may be used
to treat severe hyperkalaemia.

— Increased secretion of catecholamines, such
as may occur from the stress of myocardial
infarction. The use of [B-agonists such as
salbutamol in inhalers may also stimulate this
secretion.

— Rapidly growing tumours, such as certain
leukaemias, can evoke hypokalaemia, probably
by potassium uptake into the proliferating
cells.

— Familial hypokalaemic periodic paralysis is
rare and is an autosomal dominant defect of
the dihydropyridine receptor, a voltage-gated
calcium channel. In this condition episodic
paralysis is associated with entry of potassium
into cells, which can be provoked by a high
carbohydrate intake. Thyrotoxic periodic
paralysis is a similar condition, but genetically
different, that is found in hyperthyroidism.

— Barium ingestion blocks potassium exit from
cells.

— Treatment of pernicious anaemia with vitamin
B,,, by rapid cellular uptake of potassium into
cells (see Chapter 15).

e Reduced potassium intake.

— Chronic starvation. If water and salt intake are
also reduced, secondary hyperaldosteronism
may aggravate the hypokalaemia.
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— Inadequate potassium replenishment
in patients receiving intravenous fluid

replacement or total parenteral nutrition.
e Loss from the ECF into intestinal secretions.
— Prolonged vomiting.

— Diarrhoea, whether due to infections,
malabsorption states, radiation or
chemotherapy.

— Loss through intestinal fistulae.

— Habitual purgative users may present with
hypokalaemia. It may be possible to detect
laxatives in the stools to confirm this.

— The concentration of potassium in fluid from
a recent ileostomy and in diarrhoea stools may
be 5-10 times that of plasma, but a prolonged
drain of any intestinal secretion, even if its
potassium concentration is not very high,
causes depletion, especially if urinary loss is
increased by secondary hyperaldosteronism.

— Mucus-secreting  villous  adenomas  of
the intestine are very rare but may cause
considerable potassium loss. Zollinger—Ellison
syndrome and VIPomas [tumours that secrete
vasoactive intestinal polypeptide (VIP)] are
other rare causes.

— Rare chloride-losing diarrhoea (intestinal ion
transport defect) (see Chapter 16).

— The unusual habit of geophagia (earth eating) can
also cause hypokalaemia, possibly by chelating K*.

— Remember that hypokalaemia can be exacerbated
by magnesium loss and hypomagnesaemia.

Clinical features of hypokalaemia

The clinical features of disturbances of potassium
metabolism are due to changes in the extracellular
concentration of the ion. Hypokalaemia, by interfering
with neuromuscular transmission, causes muscular
weakness, hypotonia and cardiac arrhythmias,
and may precipitate digoxin toxicity. Patients with
mild hypokalaemia (3.0-3.5mmol/L) may have
no symptoms, although those in which it is more
severe may show generalized weakness, lassitude and
constipation. If the plasma potassium concentration is
below 2.5 mmol/L, muscle necrosis and rhabdomyolysis
may rarely occur. Hypokalaemia may also aggravate
paralytic ileus and hepatic encephalopathy.

Cardiac symptoms depend on the rate of change
of potassium loss and any other concomitant heart
disease. Hypokalaemia can increase the risk of digoxin
toxicity and causes prolongation of the P-R interval,

T wave
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Figure 5.3 Typical appearance of hypokalaemia on an
electrocardiogram. Adapted with kind permission from
Houghton AR and Gray D. Making Sense of the ECG: A
Hands-on Guide, 3rd edition. London: Hodder Arnold,
2008.

flattening of the T waves and prominent U waves on
the electrocardiogram (ECG) (Fig. 5.3).

Intracellular potassium depletion causes extracellular
alkalosis, and severe hypokalaemia can be associated with
ametabolic alkalosis. This reduces the plasma free ionized
calcium concentration and, in long-standing depletion of
gradual onset, the presenting symptoms may be muscle
cramps and even tetany. This syndrome is accompanied
by high plasma [HCO,]. Prolonged potassium depletion
impairs the renal concentrating mechanism and may
cause polyuria with further potassium depletion.

Investigation of hypokalaemia (Fig. 5.4)

The following procedure should help elucidate the
cause of the hypokalaemia in conjunction with plasma
potassium and bicarbonate determinations (see Box
5.1). Raised plasma [HCO, ], in the absence of chronic
pulmonary disease, is indicative of a metabolic alkalosis,
and low plasma [HCO,] is suggestive of a metabolic
acidosis. Therefore, hypokalaemia can be divided into
alkalosis and acidosis groups.

Hypokalaemic alkalosis

Diuretic therapy is the most common cause of
hypokalaemic alkalosis in hypertensive patients.



Figure 5.4 Algorithm for the investigation of hypokalaemia.
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Primary hyperaldosteronism and ectopic ACTH
production are very rare.

Take a careful drug history, with special reference to
potassium-losing diuretics, purgatives and steroids.
Rare causes of a steroid-like effect are ingestion of
carbenoxolone or liquorice.

Check the potassium concentration in a spot urine
sample. Ifless than or equal to 20 mmol/L, it is suggestive
of gastrointestinal loss or transcellular potassium shift
or poor potassium intake. If it is more than 20 mmol/L,
it is indicative of renal potassium loss such as occurs
in the very rare Bartter’s and Gitelman’s syndromes
and other mineralocorticoid excess disorders.

The wurinary chloride concentration is usually

more than 20mmol/L in Bartter’s or Gitelman’s
syndrome. This is useful diagnostically to distinguish
them from other causes of hypokalaemia such as
gastrointestinal loss of potassium, for example
vomiting or diarrhoea in which urinary chloride is
usually less than 20mmol/L. If purgative abuse is
suspected, an estimation of the drug levels in stool
samples may be indicated.

Exclude hypomagnesaemia, which may be associated
with hypokalaemia (see Chapter 6).
Fortheinvestigationof primaryhyperaldosteronism
(Conn’s syndrome), Cushing’s syndrome and
other mineralocorticoid excess syndromes, see
Chapter 8.
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CASE 1

A 17-year-old student presented to her general
practitioner with generalized muscle weakness and
tiredness. Her blood pressure was 116/70 mmHg.
The following biochemical results were obtained:

Plasma

Sodium 135 mmol/L (135-145)
Potassium 2.0 mmol/L (3.5-5.0)
Urea 2.3 mmol/L (2.5-7.0)
Creatinine 79 pmol/L (70-110)
Bicarbonate 38 mmol/L (24-32)
Chloride 80 mmol/L (95-105)

Urine
Chloride <20 mmol/L

DISCUSSION

The results suggest a hypokalaemic metabolic
alkalosis. There is also hypochloraemia, due to
chlorideloss from chronic vomiting. It transpired that
the patient had anorexia nervosa with bulimia and
had been self-inducing vomiting for many months.
This had resulted in a metabolic alkalosis (note raised
plasma bicarbonate) and severe hypokalaemia. The
low urinary chloride concentration helps distinguish
this from the much rarer Bartter’s syndrome, in
which the urinary chloride concentration would be

expected to be more than 20 mmol/L.

Hypokalaemic acidosis

Hypokalaemic acidosis, which may be associated
with hyperchloraemia (hyperchloraemic acidosis),
is relatively rare and the cause is usually obvious (see
Chapter 4). Having checked plasma potassium, chloride
and bicarbonate concentrations, consider the following:

e Loss of potassium through fistulae in the proximal
small intestine may be accompanied by significant
bicarbonate loss.

e Certain drugs should be considered. These include
azetazolamide, a carbonic dehydratase inhibitor
sometimes used in the treatment of glaucoma and
altitude sickness or as a diuretic.

o If neither of these causes is present, a diagnosis of
renal tubular acidosis should be considered (see
Chapter 4).

Treatment of hypokalaemia

Mild hypokalaemia can be treated with oral potassium
supplements, which can be continued until plasma

potassium concentrations have returned to normal.
The normal subject loses about 60 mmol of potassium
daily in the urine, much larger amounts being excreted
during diuretic therapy. By the time hypokalaemic
alkalosis is present, the total deficit is probably 100—
200 mmol. A patient with hypokalaemia should usually
be given about 80 mmol/day, but more may be needed
if plasma potassium concentrations fail to rise.

It may sometimes be dangerous to give potassium,
especially intravenously, if there is renal impairment.
One of the most common forms of hyperkalaemia in
hospital patients results from supplemental potassium
administration. Generally the plasma potassium
decreases by 0.3 mmol/L for each 100 mmol reduction
in total body stores. Sometimes, 40-100mmol of
supplemental potassium is needed per day to maintain
potassium concentrations within the reference range in
patients receiving diuretics.

The commonly used oral potassium supplements
are:

e potassium chloride effervescent tablets, containing
6.5 mmol K per tablet,

o Slow-K: 8 mmol K* per tablet (as chloride),

e Sando-K: 12mmol K* per tablet (as bicarbonate and
chloride).

Oral therapy may be safer, as potassium enters the
circulation more slowly. However, oral potassium salts
can cause gastrointestinal upset and are not adequate
if there is life-threatening hypokalaemia (for example
less than 2.0 mmol/L or clinical symptoms and signs).
The slow-release forms may be better tolerated but may
cause gastrointestinal ulceration.

In severe hypokalaemia, particularly if the patient is
unable to take oral supplements, intravenous potassium
should be given cautiously. Diarrhoea not only reduces
the absorption of oral potassium supplements, but
may also be aggravated by them; this too may be an
indication for intravenous therapy.

Intravenous potassium should be given with care,
especially in the presence of poor glomerular function;
ECG monitoring is wise, along with regular monitoring
of plasma potassium and renal function. Potassium
chloride is the usual intravenous form. The following
rules should be observed:

e Unless the deficit is unequivocal and severe,
intravenous potassium should not be given if there
is oliguria.

e Potassium in intravenous fluid should not usually
exceed a concentration of 40 mmol/L.
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e Intravenous potassium should not usually be given
at a rate of more than 20mmol/h and should be
given by infusion pump. In very severe depletion this
dose may have to be exceeded; in such cases frequent
plasma potassium estimations must be performed.

e Twenty millimoles of potassium chloride can be
added to a full bag (500mL) of intravenous fluid
and mixed well, although pre-mixed bags are now
becoming standard. Potassium chloride solution
should never be given undiluted.

e Always check the labelling of vials carefully when
giving potassium, as fatalities have occurred due to
errors in administration.

If hypomagnesaemia is present, this should also be
treated, as it can be a cause of refractory hypokalaemia.

Hyperkalaemia
Pseudohyperkalaemia

Plasma potassium results should not be reported
if the specimen is haemolysed or if plasma was not
separated from cells within a few hours after the
blood was taken. Pseudohyperkalaemia, due to in
vitro leakage of potassium from cells into plasma,
is often misinterpreted, sometimes with dangerous
consequences. This may occur if there has been a delay
in separating the plasma from the cells, particularly
if the blood sample has been refrigerated, when the
activity of the Na'/K*-ATPase pump is slowed. A rare
familial form of pseudohyperkalaemia is thought to
be due to defective red cell membranes in hereditary
spherocytosis. Thrombocytosis and leucocytosis can
also result in pseudohyperkalaemia. Also, beware of
blood tubes contaminated with potassium-EDTA
(ethylenediamine tetra-acetic acid): blood samples for
potassium assay should usually be collected in lithium
heparin tubes.

The causes of hyperkalaemia are summarized in
Box 5.2, and can be classified into renal and non-renal
causes.

Renal causes of hyperkalaemia

e Drugs.

— Angiotensin-converting enzyme inhibitors,
such as ramipril and enalapril inhibit the
conversion of angiotensin I to angiotensin II
and therefore aldosterone secretion. They may
cause hyperkalaemia, especially if glomerular
function is impaired or in presence of non-
steroidal anti-inflammatory drugs (NSAIDs).

Box 5.2 Some causes of hyperkalaemia
classified into predominantly renal and
non-renal causes

Renal causes
Insufficient Na* exchange
Renal glomerular dysfunction, e.g. acute kidney
injury or chronic kidney disease
Sodium depletion
Decreased Na*/K* exchange
Mineralocorticoid deficiency
Hypoaldosteronism (Addison’s disease)
Congenital adrenal hyperplasia (21-hydroxylase
deficiency)
Hyporeninaemic hypoaldosteronism (type IV renal
tubular acidosis)
Pseudohypoaldosteronism, e.g. Gordon’s syndrome
Drugs
Angiotensin-converting enzyme inhibitors
Spironolactone
Potassium-sparing diuretics
Angiotensin Il receptor blockers

Non-renal causes
In vitro effects or pseudohyperkalaemia
Haemolysis
Leucocytosis
Thrombocytosis
Delayed separation of plasma
Increased input
Dietary source
Intravenous/oral potassium
Redistribution
Acidosis
Hypoxia
Severe tissue damage
Haemolysis (in vivo)
Familial hyperkalaemic periodic paralysis (rare)
Drugs, e.g. digoxin

— Angiotensin II receptor blockers, for example
losartan and candesartan, and diuretics that
either act on the distal tubules and antagonize
aldosterone activity (spironolactone) or
inhibit the pump (amiloride). NSAIDs may
also cause hyperkalaemia, as can heparin, the
former by reducing renin and aldosterone
secretion.

e Acute kidney injury (AKI) or chronic kidney disease
(CKD) involvesimpaired renal secretion of potassium
and decreases the activity of the Na*/K'-ATPase
pump in the distal renal tubules when fewer Na*
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reach the distal convoluted tubules to be exchanged.
This is especially true when the glomerular filtration
rate (GFR) is less than 25 per cent of normal (see
Chapter 3).

e Another mechanism is gain of K* by ECF via more
than one route with reduced renal excretion.

e Acidosis. In diabetic ketoacidosis in poorly
controlled type 1 diabetes mellitus (Chapter 12),
potassium enters the ECF from cells because
normal action of the pump depends on the energy
supplied by glucose metabolism. If glomerular
function is relatively normal, urinary potassium
loss is increased, resulting in total body potassium
depletion. Loss from the plasma into the urine
rarely keeps pace with the gain from cells, and
mild hyperkalaemia is common. As the condition
progresses, two other factors contribute to
hyperkalaemia, namely volume depletion causing a
reduced GFR and ketoacidosis.

All these factors are reversed during insulin and
fluid therapy. As potassium re-enters cells, extracellular
potassium concentrations fall and the depletion is
revealed. Plasma potassium concentrations must be
monitored regularly during therapy and potassium
must be given as soon as the concentration begins
to fall.

e Hypoxia causes impairment of the pump in all cells,
with a net gain of potassium within the ECFE. Such
impairment in the distal tubules causes potassium
retention. If hypoxia is severe, lactic acidosis
aggravates hyperkalaemia (see Chapter 4).

e Mineralocorticoid deficiency: mineralocorticoids
such as aldosterone have a sodium-retaining
and potassium-losing action (see Chapter 2).
Thus deficiency of these hormones can cause
hyperkalaemia. This is dealt with in more detail in
Chapter 8, but examples include:

— adrenal insufficiency (Addison’s disease) due to
absence of or damage to the adrenal glands,

— congenital adrenal hyperplasia such as C21-
hydroxylase deficiency (rare),

— hyporeninaemic hypoaldosteronism, presenting
in the elderly, often with renal impairment and
glucose intolerance or type 2 diabetes mellitus;
it is associated with hyperkalaemia and type IV
renal tubular acidosis (see Chapter 4),

— rare causes include pseudohypoaldosteronism,
for example Gordon’s syndrome (discussed in
Chapter 8).

Non-renal causes of hyperkalaemia

These are due to the gain of potassium by the body
from the intestine or by the intravenous route:

e Excess potassium therapy, especially in patients
with impaired glomerular function, either orally as
potassium supplementation or, more commonly,
intravenously, for example with potassium chloride-
containing fluids.

e Redistribution within the body or loss from cells:

— Severe tissue damage, for example haemolysis,
burns, crush injury, tumour lysis syndrome,
rhabdomyolysis and severe exercise. In these
cases intracellular potassium moves out of cells.

— Familial hyperkalaemic periodic paralysis is
exceedingly rare and is associated with release
of potassium from cells.

— Various drugs, such as digoxin, -adrenergic
blockers and suxamethonium (succinylcholine),
can cause hyperkalaemia by reducing the entry
of potassium into cells (see Box 5.2).

Clinical features of hyperkalaemia

Hyperkalaemia, particularly if severe, carries the danger
of cardiac arrest. Changes are also seen on ECG, such as
widening of the QRS complex and tall, ‘tented’ T waves
(Fig. 5.5).
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Figure 5.5 Typical appearance of hyperkalaemia on
electrocardiogram. Adapted with kind permission from
Houghton AR and Gray D. Making Sense of the ECG: A
Hands-on Guide, 3rd edition. London: Hodder Arnold,
2008.

T wave
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Investigation of hyperkalaemia (Fig. 5.6)

e Exclude artefactual (pseudohyperkalaemia) causes of
hyperkalaemia such as haemolysis, thrombocytosis,
leucocytosis or delayed separation of plasma from
blood cells or potassium-EDTA-contaminated tubes.

o Is the patient taking drugs, such as:

— potassium supplements?

— potassium-retaining diuretics?

— an ACE inhibitor or angiotensin II receptor
antagonist?

e Is there a cause for cell damage or transcellular
potassium shifts, such as hypoxia, rhabdomyolysis
or severe trauma?

‘ Hyperkalaemia ‘

v

‘ Artefact or pseudohyperkalaemia? ‘
|

Yes
Patient on potassium-raising

medication?
|

&

Acute kidney injury (AKI) or
chronic kidney disease (CKD)?

' &

Consider transcellular
potassium movement (e.g. acidosis)

Yes

Measure transtubular
potassium gradient (TTKG)

i

Evidence of On
mineralo- potassium
corticoid supplements
deficiency or high

(see Box 5.2)? potassium intake?

Figure 5.6 Algorithm for the investigation of
hyperkalaemia.

e What are the plasma wurea and creatinine
concentrations? Severe renal glomerular dysfunction
is a common cause of hyperkalaemia.

e Measure the plasma bicarbonate concentration.
An acidosis, whether metabolic (with a low plasma
bicarbonate concentration) or respiratory (with a
normal or high plasma bicarbonate concentration),
may cause mild hyperkalaemia even if glomerular
function is normal. A cause of respiratory acidosis is
usually obvious clinically (see Chapter 4).

e Measurement of the TTKG (described above) may
help to determine whether there is a potassium renal
excretory effect.

e Is there evidence of mineralocorticoid deficiency?
This should not be forgotten, as adrenal insufficiency
can be life threatening. If there is any doubt, consider
performing a short Synacthen test (see Chapter 8 for
details of the investigation of adrenal insufficiency).

e Rare causes of hyperkalaemia, such hyporeninaemic
hypoaldosteronism, pseudohypoaldosteronism and
type IV renal tubular acidosis, are shown in Box
5.2. The investigation of renal tubular acidosis is
described in Chapter 4.

Treatment of hyperkalaemia
Emergency treatment

Emergency treatment may be necessary if there is life-
threatening hyperkalemia, for example more than
7.0mmol/L or significant ECG changes. Calcium
gluconate, 10mL of a 10 per cent solution, is given

CASE 2

A 64-year-old patient was being treated for
hypertension. Her medications were enalapril and
amiloride. The results were:

Plasma

Sodium 143 mmol/L (135-145)
Potassium 6.2 mmol/L (3.5-5.0)
Urea 9.3 mmol/L (2.5-7.0)
Creatinine 159 umol/L (70-110)

eGFR 30 mL/min per 1.73 m?

DISCUSSION

The hyperkalaemia was found to be due to the
injudicious use of an angiotensin-converting enzyme
inhibitor and potassium-sparing diuretic. This drug
combination can lead to severe hyperkalaemia,
especially in someone with impaired renal function.
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slowly intravenously with ECG monitoring. This
antagonizes the effect of hyperkalaemia on heart muscle
but does not alter potassium concentrations. However,
calcium should never be added to bicarbonate solutions
because calcium carbonate is poorly soluble in water. If
too much calcium is given, hypercalcaemia may cause
cardiac arrest.

Intravenous 50 mL glucose 50 per cent with 10
units of soluble insulin by intravenous injection
over 15-30min starts to lower plasma potassium
concentrations for a couple of hours by increasing
potassium entry into cells. Insulin enhances the activity
of the pump and must be given with glucose to prevent
hypoglycaemia.

More rarely, 50-100mL of 8.4 per cent sodium
bicarbonate, usually via a central line, may be infused
over 30min if a severe acidosis (for example pH less
than 7.1) is present, or 1.26 per cent solution in isotonic
saline if the situation is less urgent. Remember that

8.4 per cent sodium bicarbonate is hyperosmolar.
Infusing bicarbonate increases the rate of potassium
entry into cells.

Sometimes, if the hyperkalaemia is not too severe, 10—
20 mg nebulized salbutamol can be used to lower plasma
potassium as 3 -catecholamines cause redistribution of
potassium into cells. Reductions in plasma potassium of
0.5-1.0 mmol/L can occur and last for 2-3 h. In severe
hyperkalaemia with renal dysfunction haemofiltration
or dialysis may be indicated.

Long-term treatment of chronic hyperkalaemia

Sodium or calcium  polystyrene  sulphonate
(Resonium-A or Calcium Resonium) 15g orally three
or four times a day can remove potassium from the
body but may take at least 24 h to work. Type IV renal
tubular acidosis is a chronic cause of hyperkalaemia
and may be treated with fludrocortisone and a thiazide
diuretic or furosemide.

SUMMARY

e Disorders of potassium homeostasis are common
in clinical practice and can be life threatening.

e Potassium is a predominantly intracellular cation,
and thus plasma levels do not adequately reflect
total body potassium stores.

e Potassium ions are controlled by renal excretion,

which is increased by aldosterone and reduced by H*.

e Hypokalaemia can cause weakness, paralytic ileus
and ECG changes; common causes are potassium
loss from the kidneys or gastrointestinal tract,
cellular redistribution and poor intake.

e Hyperkalaemia can cause lethal cardiac arrhythmias
and is commonly due to renal retention, movement
out of cells or increased intake.
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Disorders of calcium metabolism are common in
clinical practice and may result in hypocalcaemia or
hypercalcaemia as well as bone abnormalities. Intimately
associated with calcium disorders are disorders involving
phosphate and magnesium metabolism.

CALCIUM METABOLISM

TOTAL BODY CALCIUM

The total body calcium depends upon the calcium
absorbed from dietary intake and that lost from the
body (Fig. 6.1). Ninety-eight per cent of body calcium
is found in the skeleton. The extraosseous fraction,
although amounting to only 1 per cent of the total,
is essential because of its effect on neuromuscular
excitability and cardiac muscle. An important mediator
of intracellular calcium is calmodulin, a calcium-
binding regulatory protein.

Factors affecting calcium intake

About 25mmol (1g) of calcium is ingested per day,
of which there is a net absorption of 6-12mmol
(0.25-0.5g). The active metabolite of vitamin D,
1,25-dihydroxycholecalciferol ~ (1,25-(OH) D, also
called calcitriol), is needed for calcium absorption.

Factors affecting calcium loss

Calcium is lost in urine and faeces. Urinary calcium
excretion depends on the amount of calcium reaching
the glomeruli, the glomerular filtration rate (GFR)
and renal tubular function. Parathyroid hormone and
1,25-dihydroxyvitamin D increase urinary calcium
reabsorption.

Faecal calcium is derived from the diet and that
portion of the large amount of intestinal secretions
that has not been reabsorbed. Calcium in the intestine

may form insoluble, poorly absorbed complexes with
oxalate, phosphate or fatty acids. An excess of fatty acids
in the intestinal lumen in steatorrhoea may contribute
to calcium malabsorption.

CONCEPT OF PLASMA CALCIUM AND
ALBUMIN CORRECTION (ADJUSTED)

The mean plasma calcium concentration in healthy
subjects is tightly controlled, at around 2.15-
2.55mmol/L, and is present in two main forms:

e Calcium bound to proteins, mainly albumin: this
accounts for a little less than half the total calcium
concentration as measured by routine analytical
methods and is the physiologically inactive form.

e Free ionized calcium (Ca?"), which comprises most
of the rest. This is the physiologically active fraction.

Changes in plasma protein concentration,
particularly of albumin, the principal plasma protein,
alter the most commonly measured concentration,
that of plasma total calcium, but not that of the free
ionized fraction. The plasma total (but not free
ionized) calcium concentration is lower in the supine
than in the erect position because of the effect of
posture on fluid distribution and therefore on plasma
protein concentration. The direct measurement of the
physiologically active free calcium ionized fraction is,
for technical reasons, confined to special cases such as
acid-base disturbance.

Formulae incorporating the albumin concentration
have been devised in an attempt to calculate the active
fraction of the plasma total calcium concentration,
but, because binding is not simple, these are not always
reliable, particularly if extremes of plasma albumin
concentration occur. The following is a commonly used
formula:
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Figure 6.1 The approximate daily turnover of total body calcium.

plasma albumin-adjusted or ‘corrected’ calcium (mmol/L)
= plasma measured calcium

+ (40 — plasma[albumin]) (g/L) x 0.02 (6.1)

Changes in plasma hydrogen ion concentration
([H*]) affect the binding of calcium to plasma
proteins because H* competes with Ca** for binding
sites. The plasma total calcium concentration is
unaltered by changes in [H*]. If [H*] falls, as in an
alkalosis, tetany may occur, despite a normal plasma
total calcium concentration. Conversely, an acidosis
decreases binding and so increases the proportion
of plasma calcium in the free ionized form. Also, by
increasing calcium solubility, it increases the rate of
release of calcium from bones into the extracellular
fluid (ECF). The increased load reaching the kidneys
increases the renal calcium loss. Prolonged acidosis
may cause osteomalacia, partly due to the buffering
effect of bone.

CASE 1

A 45-year-old man was in the intensive care unit for
multiple trauma following a road traffic accident.
Some of his biochemistry results were as follows:

Plasma

Calcium 1.98 mmol/L (2.15-2.55)
Albumin 30g/L (35-45)

Phosphate 0.92 mmol/L (0.80-1.35)
What is the albumin-adjusted calcium?

DISCUSSION

Adjusted calcium = 1.98 + (40 —30) x 0.02

=1.98 4+ 0.20 = 2.18 mmol/L

Note that the plasma calcium now adjusted falls
within the reference range and does not require
specific treatment. Remember this if the patient has
hypoalbuminaemia.
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Control of plasma calcium

There are a number of mechanisms by which plasma
calcium concentrations are controlled. Calcium
homeostasis follows the general rule that extracellular
concentrations are controlled rather than the total
body content. The effectiveness of this control depends
upon:

e an adequate supply of:
— calcium,
— vitamin D,

e normal functioning of the:
— intestine,
— parathyroid glands,
— kidneys.

If any one of these factors is impaired, calcium leaves
bone by passive physicochemical diffusion, and plasma
concentrations may be maintained at the expense of
bone calcification.

Parathyroid hormone

Parathyroid hormone (PTH) is a single-chain
polypeptide containing 84 residues, with its 34
N-terminal amino acids largely determining its
biological activity. It is metabolized by renal, hepatic
and bone cells. Renal clearance from plasma of the
physiologically inert C-terminal fragment is slower
than that of the N-terminal fragment, which may
accumulate in plasma in renal glomerular dysfunction.
The biological actions of PTH include:

e stimulation of osteoclastic bone resorption, so
releasing both free ionized calcium and phosphate
into the ECF; this action increases the plasma
concentrations of both calcium and phosphate,

e decreased renal tubular reabsorption of phosphate,
causing phosphaturia and increased reabsorption
of calcium; this action tends to increase the plasma
calcium concentration but to decrease the phosphate.

The control of PTH secretion depends on the
concentration of free ionized calcium in blood
circulating through the parathyroid glands. A fall
increases the rate of PTH secretion, which, under
physiological conditions, continues until the calcium
concentration returns to normal. The secretion of
PTH is also affected by the extracellular magnesium
concentration, being decreased by severe, chronic
hypomagnesaemia.

Detectable plasma PTH, even if the concentration
is within the reference range, is inappropriate in the

presence of hypercalcaemia and is consistent with
primary or, more rarely, tertiary hyperparathyroidism.

Parathyroid hormone-related protein

Parathyroid hormone-related protein (PTHRP) is a
peptide hormone that has a similar amino acid sequence
at the biologically active end of the peptide, therefore
activating the same receptors as PTH. The function of
PTHRP is uncertain, but it may be important in calcium
metabolism in the fetus. The gene that codes for PTHRP
is widely distributed in body tissues but is normally
repressed. However, it may become derepressed in
certain tumours, causing humoral hypercalcaemia of
malignancy.

Calcitonin

Calcitonin (produced in the C cells of the thyroid
gland) decreases osteoclastic activity, slows calcium
release from bone and has the opposite effect on
plasma concentrations of PTH. It is probably less
important than PTH in physiological homeostasis.
Plasma concentrations may be very high in patients
with medullary carcinoma of the thyroid, although
hypocalcaemia is not usually reported in this condition.
However, exogenous calcitonin has been used to treat
hypercalcaemia and Paget’s disease of bone.

Metabolism and action of vitamin D

Vitamin D is derived from:

e ergocalciferol (vitamin D,), obtained from plants in
the diet,

e cholecalciferol (vitamin D,), formed in the skin by the
action of ultraviolet light on 7-dehydrocholesterol
(Fig. 6.2); this is the form found in animal tissues,
especially the liver.

In normal adults, much more cholecalciferol is
derived from the action of sunlight on skin (wavelength
270-310nm) than from food. Dietary sources are
important when requirements are high, such as during
growth or pregnancy, or in those elderly or chronically
sick individuals who are confined indoors and not
exposed to the sun.

Vitamin D is transported in plasma bound to
specific carrier proteins. It is inactive until metabolized.
In the liver, cholecalciferol is hydroxylated to
25-hydroxycholecalciferol (25-OHD,) by the enzyme
25-hydroxylase. The rate of formation of 25-OHD,
is affected by the supply of substrate in the form of
calciferol, whether derived from the skin or from the
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25-hydroxycholecalciferol
(25-OHD3)
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1,25-dihydroxycholecalciferol
(1,25-(0H),D3)

Figure 6.2 Formation of the active vitamin D metabolite from 7-dehydrocholesterol. UV, ultraviolet.

diet. It is the main circulating form and store of the
vitamin. Other hydroxylated metabolites are found,
such as 24,25-(OH),D,.

In the proximal renal tubular cells of the kidney,
25-OHD, undergoes a second hydroxylation, catalysed
by the enzyme 1-o-hydroxylase to form the active
metabolite 1,25-(OH),D,.

The activity of 1-o-hydroxylase, and hence the
production of 1,25—(OH)2D3, may be stimulated by:

e alow plasma phosphate concentration,
e an increase in plasma PTH concentration, possibly
because of its phosphate-lowering effect.

Its activity is inhibited by:

e hyperphosphataemia,
o high levels of free ionized calcium.

The kidney is an endocrine organ, synthesizing and
releasing the hormone 1,25-(OH)2D3; impairment of
the final hydroxylation helps explain the hypocalcaemia
of renal disease. This hormone increases calcium
absorption by intestinal mucosal cells. In conjunction
with PTH, it stimulates osteoclastic activity, releasing
calcium from bone.

The action of PTH on bone is impaired in the
absence of 1,25-(OH),D,. A fall in plasma free ionized
calcium concentration stimulates PTH secretion.
The PTH enhances 1-o-hydroxylase activity and
therefore stimulates 1,25-(OH),D, synthesis. The two
hormones act synergistically on the osteoclasts of bone,
releasing calcium into the circulation; 1,25—(OH)2D3
also increases calcium absorption from the intestinal
lumen. In the short term, the homeostatic mechanisms
involving the effects on bone are the more important; if

hypocalcaemia is prolonged, more efficient absorption
becomes important. Once the plasma free ionized
calcium concentration is adjusted, the secretion of both
PTH and 1,25-(OH),D, is suppressed.

Thus, 25-OHD, is the circulating, inactive form of
vitamin D and plasma concentrations fall in deficiency
states. The measurement of the biologically active
metabolite, 1,25—(OH)2D3, which circulates in plasma
bound to vitamin D-binding protein (VDBP) in very
low concentrations, is rarely indicated unless a defect in
the vitamin metabolic pathway is suspected, as it does
not reflect body stores.

The vitamin D receptor (VDR) is found in almost
all cell nuclei with various effector systems such as
endocrine, paracrine or autocrine. Calcitriol activates
the receptor, which forms a heterodimer with the
retinoid-X receptor and binds to hormone response
elements on deoxyribonucleic acid (DNA) and is
involved in the expression of various gene products.
These pathways not only involve bone metabolism
but also have implications for the immune system and
carcinogenesis.

Calcium-sensing receptor

The calcium-sensing receptor (CaSR) is a G protein-
coupled receptor. This allows the parathyroid cells and
the ascending loop of Henle epithelial cells to respond
to changes in extracellular calcium. The parathyroid
cell surface is rich in CaSR, which allows PTH secretion
to be adjusted rapidly depending on the calcium
concentration.

Defects in the CaSR gene are responsible for
various rare defects of calcium homeostasis.
Inactivating mutations include familial benign
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hypocalciuric ~ hypercalcaemia ~ and  neonatal
severe hyperparathyroidism; activating mutations
include autosomal dominant hypocalcaemia with
hypercalciuria. Calcimimetic agents have been
devised that bind and activate the CaSR, resulting in
decreased PTH release and reduced plasma calcium
concentrations.

Miscellaneous mechanisms of calcium control

Thyroid hormone excess may be associated with
the histological appearance of osteoporosis and
with increased faecal and urinary excretion of
calcium, probably following its release from bone.
Hypercalcaemia is a very rare complication of severe
hyperthyroidism. Unless there is gross excess of thyroid
hormone, the effects on plasma calcium are over-
ridden by homeostatic reduction of PTH secretion and
by urinary loss.

Other hormones influencing calcium metabolism
include oestrogens, prolactin and growth hormone.
These may increase 1,25-(OH),D, production and
increase calcium absorption during pregnancy,
lactation and growth.

DISORDERS OF CALCIUM METABOLISM

The consequences of most disturbances of calcium
metabolism can be predicted from knowledge of the
actions of PTH on bone and on renal tubular cells, and
from plasma concentrations of calcium and phosphate.
A low plasma free ionized calcium concentration
normally stimulates PTH secretion, which results in
phosphaturia; the loss of urinary phosphate over-rides
the tendency to hyperphosphataemia due to the action
of PTH on bone.

Consequently, the plasma phosphate concentration
is usually low when the plasma PTH concentration
is increased. Conversely, a high plasma free ionized
calcium concentration, unless due to inappropriate
excess of PTH, inhibits PTH secretion and causes a high
plasma phosphate concentration. Therefore plasma
calcium and phosphate concentrations usually vary in
the same direction unless:

e renal glomerular dysfunction is severe enough
to impair the phosphaturic (and therefore
hypophosphataemic) effect of PTH or PTHRP,

e there is inappropriate excess or deficiency of PTH
due to a primary disorder of the parathyroid gland
or to secretion of PTHRP; in such cases calcium and
phosphate vary in opposite directions.

Hypercalcaemia

Clinical effects of an increased plasma albumin-
adjusted calcium concentration

e Renal effects.

— Renal damage is one of the most serious clinical
consequences of prolonged hypercalcaemia.
Because of the high plasma free ionized calcium
concentration, the solubility of calcium
phosphate may be exceeded and precipitate
in extraosseous sites such as the kidneys (see
Chapter 3).

— Polyuria, characteristic of chronic
hypercalcaemia, may result from impairment
of renal concentrating ability owing to
calcification of the tubular cells; acute
hypercalcaemia may cause reversible inhibition
of the tubular response to antidiuretic hormone
rather than to cell damage. These effects can
lead to dehydration.

— Renal calculi, without significant parenchymal
damage, may be caused by precipitation of
calcium salts in the urine if the free ionized
calcium concentration is high in the glomerular
filtrate owing to hypercalcaemia (see Chapter
3).

— Hypokalaemia, often with a metabolic alkalosis,
is associated with hypercalcaemia. Calcium
may directly inhibit potassium reabsorption
from the tubular lumen (see Chapter 5).

e Highextracellularfreeionized calciumconcentrations
can depress neuromuscular excitability in both
voluntary and involuntary muscle. There may also
be muscular hypotonia.

e Depression, anorexia, nausea and vomiting,
associated with high plasma calcium concentrations,
are probably caused by an effect on the central
nervous system.

e Calcium stimulates gastrin (and therefore gastric
acid) secretion. There is an association between
chronic hypercalcaemia and peptic ulceration.
The patient may complain of constipation and
abdominal pain. Hypercalcaemia may also present
as an acute abdomen.

e Some patients with hypercalcaemia may be
hypertensive. If renal damage is not severe, the
hypertension may respond to reducing the plasma
calcium concentration.

e Severe hypercalcaemia causes characteristic changes
in the electrocardiogram (ECG), with shortening of
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the Q-T interval and broadening of the T waves. If
plasma concentrations exceed about 3.5mmol/L,
there is a risk of sudden cardiac arrest or ventricular
arrhythmias. For this reason severe hypercalcaemia
should be treated as a matter of urgency.

e Hypercalcaemia is also associated with bone and
joint pain.

< PR

Bones, moans, groans and stones’ is a useful
mnemonic to remember some of these clinical
consequences of hypercalcaemia.

Causes of hypercalcaemia (Box 6.1)

Overall, thiazides are one of the most common causes
of mild hypercalcaemia. However, most causes of
severe hypercalcaemia are related to either primary

Box 6.1 Some causes of hypercalcaemia

Malignancy

Bony metastases, e.g. breast, lung, prostate, kidney,
thyroid

Solid tumours with humoral effects

Haematological tumours, e.g. multiple myeloma

Parathyroid hormone abnormalities

Primary hyperparathyroidism (adenoma, hyperplasia,
carcinoma or associated with multiple endocrine
neoplasia)

Tertiary hyperparathyroidism

Lithium-induced hyperparathyroidism

High bone turnover
Thyrotoxicosis
Immobilization, e.g. with Paget’s disease

High levels of vitamin D
Vitamin D toxicity
Granulomatous disease, e.g. sarcoidosis, tuberculosis

Drugs

Thiazides (reduced renal calcium excretion)
Vitamin A toxicity

Milk—alkali syndrome

Familial hypocalciuric hypercalcaemia

Other endocrine causes
Adrenal insufficiency
Acromegaly

Rarer causes

Williams’ syndrome

Human immunodeficiency virus (HIV) infection
Leprosy

Histoplasmosis

Berylliosis

hyperparathyroidism or malignancy. In the case of the
latter, 80 per cent are due to bony metastases, with the
remainder being mainly due to ectopic PTHRP. Some
causes of hypercalcaemia are depicted in Box 6.1.

True free ionized or albumin-adjusted hyper-
calcaemia with hypophosphataemia is usually caused
by inappropriate secretion of PTH or PTHRP. The term
‘inappropriate secretion’ is used in this book to indicate
that the release of hormone into the circulation is not
adequately inhibited by negative feedback control.
Inappropriate PTH secretion occurs in the following
clinical situations:

e production of PTH by the parathyroid glands due to:
— primary hyperparathyroidism,
— tertiary hyperparathyroidism.

If renal glomerular function is adequate, the high
circulating PTH or PTHRP concentrations cause
hypercalcaemia, which is associated with a low-normal
or low plasma phosphate concentration in relation
to GFR, and to phosphaturia. If glomerular damage
develops due to hypercalcaemia, the kidneys cannot
respond normally to the phosphaturic effect of PTH
and, because of impaired hydroxylation of 25-OHD,,
plasma calcium concentrations may fall towards or
within the reference range as renal failure progresses.
Because plasma phosphate concentrations tend to rise,
diagnosis may be difficult at this stage.

CASE 2

A 53-year-old man saw his general practitioner
because of bone pain and constipation. A number
of laboratory tests were requested, the results for the
most relevant of which were as follows:

Plasma

Albumin-adjusted calcium 2.96 mmol/L (2.15-2.55)
Phosphate 0.62 mmol/L (0.80-1.35)

Parathyroid hormone 157 ng/L (20-65)

DISCUSSION

The patient has hypercalcaemia. Note also the
hypophosphataemia and inappropriately raised
PTH concentration. The diagnosis was subsequently
found to be primary hyperparathyroidism due to
a parathyroid adenoma associated with multiple
endocrine neoplasia (MEN) type 1. His symptoms
are typical of chronic hypercalcaemia.
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The clinical features of PTH- or PTHRP-induced
hypercalcaemia are due to:

e excess circulating concentration of free ionized
calcium that is the direct consequence of increased
osteoclastic activity and release of calcium from
bone, and enhanced absorption of calcium from the
intestinal lumen by vitamin D; PTH increases the
formation of 1,25-(OH),D,,

o the effects of persistent PTH or PTHRP activity on
bone in the presence of a normal supply of vitamin
D and calcium (see Fig. 6.1).

The differences between the clinical presentations
associated with inappropriately high plasma PTH
concentrations depend on the duration of the disease.
The following effects on bone become evident only in
long-standing cases. Prolonged decalcification of bone
causes a secondary increase in osteoblastic activity.
Alkaline phosphatase-rich osteoblasts release the enzyme
into the circulation and, if the number of cells is greatly
increased, plasma alkaline phosphatase activity rises.

Primary hyperparathyroidism

This is caused by inappropriate secretion of PTH by
the parathyroid glands, causing hypercalcaemia. It is
usually due to one or more parathyroid adenomas,
but occasionally to hyperplasia of all four parathyroid
glands or to carcinoma of one of the glands. Ectopic
parathyroid tumours do also occur. Primary
hyperparathyroidism may be associated with other
multiple endocrine neoplasias (MENs), such as
pituitary and pancreatic adenomas (MEN type I), or
with phaeochromocytomas and medullary carcinoma
of the thyroid (MEN type II). The incidence of primary
hyperparathyroidism increases with age, being most
common in elderly females.

The majority of cases of primary hyperthyroidism
are diagnosed after the chance finding of high
plasma calcium, usually with low plasma phosphate
concentrations.

Where there are clinical symptoms and signs at
presentation, these are due to hypercalcaemia and
include the following:

o Generalized ill health Depression, nausea, anorexia
and abdominal pain and polyuria.

e Renal calculi About 10 per cent of patients
who present with renal calculi have primary
hyperparathyroidism.

e Bone pain In most patients, subperiosteal bone
erosions or cysts may be seen on radiography of

the terminal phalanges. However, extensive, severe
bone disease, osteitis fibrosa cystica, is now a rare
presenting feature, as patients are usually diagnosed
before the disorder is extensive, and consequently
plasma alkaline phosphatase activity is usually
normal or only slightly increased. There are increased
numbers of osteoclasts and an increased risk of bone
fracture.

e Medical emergency Occasionally patients are
admitted as an emergency with abdominal pain,
vomiting and constipation. Severe hypercalcaemia is
a recognized cause of acute pancreatitis and should
be considered as one cause of an ‘acute abdomen’

Recently, it has been reported that an incipient form
of primary hyperparathyroidism exists in which there
is initially normal plasma calcium but elevated PTH.

The treatment of primary hyperparathyroidism is
often surgical, with removal of the parathyroid gland(s).
However, this can render the patient hypocalcaemic,
and asymptomatic patients are sometimes treated
conservatively.

Tertiary hyperparathyroidism

This may occur if the parathyroid glands have been
subjectedtolong-standingandsustained positive feedback
by low plasma free ionized calcium concentrations
(hypocalcaemia) of secondary hyperparathyroidism
which have been subsequently corrected.

The parathyroid glands hypertrophy; PTH secretion
becomes partly autonomous and is not suppressed
by negative feedback by the hypercalcaemia. The
diagnosis is usually made when the cause of the original
hypocalcaemia is removed, for example by renal
transplantation or correction of long-standing calcium
or vitamin D deficiency as in malabsorption. A history
of previous hypocalcaemia and the finding of a very
high plasma alkaline phosphatase activity due to the
prolonged osteomalacia distinguish it from primary
hyperparathyroidism. In some cases, the glandular
hypertrophy gradually regresses and the plasma calcium
concentration returns to normal.

Unlike primary or tertiary hyperparathyroidism, in
which plasma PTH concentration is increased, there are
other causes of hypercalcaemia where plasma levels of
PTH are reduced or suppressed. These are now discussed.

Hypercalcaemia of malignancy
Malignant disease of bone

Some patients with multiple bony metastases (from,
for example, breast, lung, prostate, kidney and



102

Calcium, phosphate and magnesium

thyroid tumours) or with multiple myeloma show
hypercalcaemia. Here there is usually a parallel rise
of plasma phosphate. The hypercalcaemia is caused
by direct bone breakdown due to the local action of
malignant deposits and cytokine activation.

Malignant deposits in bone stimulate a local
osteoblastic reaction and hence a rise in plasma alkaline
phosphatase activity. This osteoblastic reaction does
not occur in bone eroded by the marrow expansion
of myelomatosis. Therefore, in the latter condition
the plasma concentration of alkaline phosphatase of
bony origin is relatively normal, despite extensive bone
involvement with osteolytic lesions.

Humoral hypercalcaemia of malignancy

Parathyroid hormone-related protein is synthesized
by some malignant tumours of non-endocrine tissues
and is not subject to normal feedback control by the
high plasma free ionized calcium concentration. Bony
lesions due to circulating PTHRP are not normally
present because the underlying disease is usually either
fatal or successfully treated in a relatively short time.
It is of note that PTHRP is not usually detected by the
PTH assay.

However, the plasma alkaline phosphatase activity may
be raised because of secondary deposits in bone or the
liver, or both. In humoral hypercalcaemia of malignancy,
the plasma calcium concentration may rise from normal
to dangerously high very rapidly, in contrast to primary
hyperparathyroidism. Ectopic hormone production is
discussed more fully in Chapter 24.

CASE 3

A 76-year-old woman with known breast carcinoma
was admitted to hospital drowsy, with weight loss
and backache. The following results were returned.

Plasma

Albumin-adjusted calcium 3.96 mmol/L (2.15-2.55)
Phosphate 1.12 mmol/L (0.80-1.35)

Parathyroid hormone less than 10ng/L (20-65)

DISCUSSION

A bone scan subsequently showed the patient to
have widespread bone metastases. Note the severe
hypercalcaemia and the appropriately suppressed
plasma PTH, suggesting a non-parathyroid source of
the hypercalcaemia. Various tumours are associated
with bone metastases, including breast tumours.

Drugs/medications

Various medications can evoke hypercalcaemia, such as
thiazides (decreases calcium renal excretion), lithium,
and vitamin A excess.

Milk—alkali syndrome

This rare condition occurs with the excessive use of
calcium-containing antacids for dyspepsia. It is also
associated with a metabolic alkalosis. Milk—alkali
syndrome is now rarely seen, since the advent of proton
pump inhibitors and H, receptor antagonists for the
treatment of dyspepsia.

Vitamin D excess

Vitamin D excess may be caused by overvigorous
treatmentofhypocalcaemia.Increasedintestinal calcium
absorption may cause dangerous hypercalcaemia.
Vitamin D therapy, with either ergocalciferol or the
active metabolite 1,25-dihydroxyvitamin D, should
always be monitored by frequent estimation of plasma
calcium concentrations and, if there is osteomalacia, by
measuring plasma alkaline phosphatase activity. If the
cause of hypercalcaemiais obscure,a careful drug history
should be taken. Occasionally patients inadvertently
overdose themselves with vitamin D, which is available
in many countries without prescription.

Sarcoidosis

Hypercalcaemia is a rare complication. 1,25-Dihy-
droxycholecalciferol is synthesized in the granuloma
tissue and increases calcium absorption from the
intestinal tract. Chronic beryllium poisoning produces a
granulomatousreaction very similar to that of sarcoidosis
and may also be associated with hypercalcaemia. The
same is possibly also true of tuberculosis, histoplasmosis
and leprosy.

Hypercalcaemia of hyperthyroidism

Prolonged excess of thyroid hormone in severe
hyperthyroidism may be associated with the histological
appearance of osteoporosis and a consequent increase
in urinary calcium excretion. Hypercalcaemia is a very
rare complication.

Other endocrine causes of hypercalcaemia

These include acromegaly (see Chapter 7), Addison’s
disease (see Chapter 8) and phaeochromocytoma (see
Chapter 24).

Familial hypocalciuric hypercalcaemia

Hypercalcaemia with an inappropriately high plasma
PTH concentration in the presence of hypocalciuria
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has been reported in some families, in none of whom
was a parathyroid adenoma found at operation. The
condition is inherited as an autosomal dominant trait.
The aetiology of the condition is thought to be due a
defect on the CaSR (see above). Low urinary calcium
concentration in the face of hypercalcaemia points to
the diagnosis. A useful test is the calcium excreted per
litre of glomerular filtrate (CaE):

_urinary[calcium] x plasma[creatinine] (6.2)

CaE - —
urinary|creatinine]

Hypocalciuric hypercalcaemia is likely if this
is less than 0.015 (in mmol/L). It is important to
exclude this condition, as it can mimic primary
hyperparathyroidism.

Hypercalcaemia of infancy

Idiopathic hypercalcaemia of infancy includes a number
of conditions that cause hypercalcaemia during the first
year of life. Excessive vitamin D supplementation of
cow’s milk is now a very uncommon cause. Williams’
syndrome is a rare familial disorder associated
with increased intestinal calcium absorption and
hypercalcaemia. Clinical features include growth
retardation, mental deficiency and characteristic ‘elfin’
facies. Congenital heart disease may also be present (see
Chapter 26). There is also a rare neonatal autosomal
dominant hyperparathyroidism

Investigation of hypercalcaemia (Fig. 6.3)

Establish whether the high plasma total calcium
concentration is due only to a high protein-bound
fraction. Two groups of causes should be differentiated
for raised plasma albumin-adjusted calcium
concentration:

1. raised albumin-adjusted calcium concentration
due to inappropriately high PTH and usually
hypophosphataemia,

2. raised albumin-adjusted calcium concentration
due to other causes and associated with low PTH
concentrations and often hyperphosphataemia.

The following procedure may be useful to find the
cause of hypercalcaemia, although the diagnosis may
be obvious before all the steps have been followed:

e Establish the plasma albumin concentration.

o Check the albumin-adjusted calcium. Take a specimen
without venous stasis (preferably without a tourniquet)
to eliminate artefactual haemoconcentration and

Hypercalcaemia (raised albumin-
adjusted calcium)

v

Was there venous stasis
during venepuncture?
|

v v
m Yes
‘ Is patient on calcium-raising medication? ‘
|
v
Yes
(see Box 6.1)

&

T«

Measure plasma parathyroid
hormone (PTH)

|
‘ Normal/elevated

v

Evidence of Primary or tertiary
malignant disease? hyperparathyroidism

Exclude

hypocalciuric
hypercalcaemia

{5

Thyroid
function tests

v 3

Normal Abnormal

(thyrotoxic)
Evidence of granulomatous
disease (e.g. sarcoidosis)?

I

Consider other
causes of
hypercalcaemia
(see Box 6.1)

Figure 6.3 Algorithm for the investigation of
hypercalcaemia.

repeat the plasma calcium and albumin assays. If true
hypercalcaemia is confirmed, a cause must be sought.

e Take a careful history, with special reference to
the drug history, such as vitamin-D-containing
preparations and thiazide diuretics. Is there evidence
of milk—alkali syndrome, albeit rare now? If so, check
acid-base status.
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e Istheplasmaphosphate concentration low in relation
to the renal function? Hypophosphataemia suggests
the diagnosis of primary hyperparathyroidism.

Apart from thiazide usage, the most common
causes of hypercalcaemia are either primary
hyperparathyroidism or malignancy; the latter may be
obvious following clinical examination and radiological
and haematological tests, for example anaemia, and
raised erythrocyte sedimentation rate (ESR) and
biochemical investigations.

It is essential that primary hyperparathyroidism
and malignant hypercalcaemia are distinguished.
In the case of malignancy, pay special attention for
breast, kidney, lung or prostate carcinoma. A raised
plasma PTH concentration is usually seen in primary
hyperparathyroidism; conversely, suppressed levels are
found in malignant states and indeed in hypercalcaemia
of many other causes. Very rarely PTHRP should be
measured if ectopic secretion of this is suspected, for
example by a tumour.

If primary hyperparathyroidism due to an adenoma
is found, exclude MEN syndrome (see Chapter 24).
Imaging of the parathyroid glands is often needed
to distinguish adenoma from hyperplasia of the
parathyroid glands. Isotope subtraction scanning or
ultrasound of the neck may help to localize the adenoma,
as may venous sampling for PTH levels.

Very high plasma alkaline phosphatase activity
is unlikely to be due to uncomplicated primary
hyperparathyroidism; near-normal activity is usual,
although it may be raised if there is radiological evidence
of bone involvement. If it is very high, it suggests either
malignancy or some concurrent disease such as Paget’s
disease.

Perform serum and urinary protein electrophoresis
if a multiple myeloma is suspected (see Chapter 19).

e Look forevidence of sarcoidosis; plasma angiotensin-
converting enzyme (ACE) concentration is often
raised (see Chapter 18) and a chest radiograph may
be useful.

e Is there acromegaly, Addison’s disease or
thyrotoxicosis (see Chapters 7, 8 and 11)?

e A urinary calcium determination (CaE) is useful to
help exclude hypocalciuric hypercalcaemia.

e Rarer causes of hypercalcaemia are listed in Box 6.1.

A steroid suppression test is rarely necessary to
identify the cause of hypercalcaemia because of the
development of robust PTH assays. Briefly, this test

relies on the fact that hypercalcaemia of primary
hyperparathyroidism is not usually suppressed by
steroids, unlike many of the other causes of a raised
calcium concentration such as malignant disease.

Treatment of hypercalcaemia
Mild to moderate hypercalcaemia

If the plasma albumin-adjusted calcium concentration
is below about 3.5mmol/L, and if there are no
significant clinical symptoms or signs such as changes
attributable to hypercalcaemia, there is no need for
urgent treatment. However, therapy should be started
as soon as the abnormality is found and preliminary
investigations have been performed because of the
danger of renal damage. If possible, the primary cause
should also be diagnosed and treated.

The patient should be fluid volume repleted, if
necessary by intravenous infusion of saline. The
plasma total calcium concentration will often fall as
the plasma albumin concentration is diluted, but the
plasma free ionized calcium concentration is probably
little affected. Correcting haemoconcentration enables
a more realistic assessment to be made of the degree of
true hypercalcaemia.

Bisphosphonates are first-line agents in the medical
management of hypercalcaemia. These are structurally
similar to pyrophosphate. They bind to hydroxyapatite
in bone, thus inhibiting bone turnover and the
mobilization of calcium. They are poorly absorbed
from the intestinal tract and may have to be given
intravenously to patients with severe hypercalcaemia.
Cyclical administration may prevent the long-term
complication of osteomalacia.

The management of apparently asymptomatic mild
hypercalcaemia due to primary hyperparathyroidism
is controversial. It has been suggested that prolonged
hypercalcaemia does not always cause obvious renal
dysfunction and that the risk of parathyroidectomy
(e.g. rendering the patient hypocalcaemic) may be
greater than that of mild hypercalcaemia. The decision
whether to operate must be made on clinical grounds;
of particular importance are the fitness of the patient
for operation, plasma calcium concentration greater
than 3.0mmol/L, deteriorating renal function, renal
calculi, poor bone mineral density or 24-h urinary
calcium concentration greater than 10 mmol/L.

Severe hypercalcaemia

The plasma albumin-adjusted calcium concentration
at which urgent treatment is indicated because of the
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danger of cardiac arrest is usually about 3.5 mmol/L. If
in doubt, abnormalities associated with hypercalcaemia
should be sought on the ECG. Consider the following:

e Rehydration The patient should be volume repleted,
intravenously with saline if necessary. Furosemide
may also be given in an attempt to increase urinary
calcium clearance and avoid fluid overload. Check
electrolytes and renal function carefully.

e Bisphosphonates After rehydration and correction of
any electrolyte abnormalities, bisphosphonates such
as pamidronate are usually the treatment of choice.

e Steroids May sometimes lower the plasma calcium
concentration in malignancy and almost always in
cases of sarcoidosis and vitamin D intoxication.

e Calcitonin Sometimes used to treat severe
hypercalcaemia. The effect lasts about 3 days;
repeated doses are often less successful in maintaining
a ‘normal’ plasma calcium concentration.

Steroids and calcitonin usually have no significant
effect for about 24 h.

As with most other extracellular constituents, rapid
changes in plasma calcium concentration may be
dangerous because time is not allowed for equilibration
across cell membranes. The aim of emergency treatment
should be to lower the plasma concentration to one
that is not immediately dangerous, while initiating
treatment for mild hypercalcaemia as outlined above.
Too rapid a reduction, even to only normal or slightly
raised concentrations, may cause tetany.

Hypocalcaemia

Clinical effects of a reduced albumin-adjusted plasma
calcium concentration
Low plasma albumin-adjusted calcium concentrations,
including those associated with a normal total
calcium concentration of alkalosis, cause increased
neuromuscular activity eventually leading to tetany and
carpopedal spasm, generalized seizures, laryngospasm,
hyper-reflexia, paraesthesiae and hypotension.
Prolonged hypocalcaemia, even when mild,
interferes with the metabolism of the lens in the eye
and may cause cataracts. Because of this, asymptomatic
hypocalcaemia should be sought when there has been
a known risk of parathyroid damage, such as after
partial or total thyroidectomy, and, if found, treated.
Hypocalcaemia may also cause depression and other
psychiatric symptoms as well as cardiac arrhythmias,
including prolonged Q-T interval on ECG.

CASE 4

A 72-year-old woman presented to her general
practitioner with tiredness, muscle aches and
difficulty in standing up. The following test results
were found.

Plasma

Albumin-adjusted calcium 1.76 mmol/L (2.15-2.55)
Phosphate 0.52 mmol/L (0.80-1.35)

Parathyroid hormone 138 ng/L (20-65)

Alkaline phosphatase 763 U/L (< 250)
25-hydroxyvitamin D 5 ug/L (>75)

DISCUSSION

The patient has osteomalacia, as evidenced by the low
plasma 25-hydroxyvitamin D concentration. Note
also the hypocalcaemia with hypophosphataemia
and raised alkaline phosphatase and secondary
appropriate elevation of PTH. The symptoms are
typical of osteomalacia, which can lead to proximal
myopathy and bone pain. The elderly are particularly
prone to osteomalacia, in part related to poor dietary
vitamin D intake.

Latent neuromuscular hyperactivity, carpopedal
spasm and tetany (Trousseau’s sign) can be evoked by
inflating a blood pressure cuff to 10-20 mmHg above
systolic blood pressure for 3—5min. Chvostek’s sign
can be elicited by tapping the facial nerve anterior to
the ear, when ipsilateral facial muscle contraction may
occur, although this 