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Epigraph

Uraemia — a poison chalice

So let it be told
How in the early days
The pioneers struggled, strived

To save a few lives

Of patients suffering from renal failure
They did not have the knowhow

But knew that in countries

Like the UK and USA, even then
There was dialysis and transplant

To keep these patients alive

Our health care was basic

Only to save that life, once

If acutely, but long term

We did not have the wherewithal
But if others can do it, so can we

Such was the pioneering spirit of our founders

The early fathers who had the courage

They dared to face the odds and come to a solution
And while they pondered and dreamed

mv
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Before their very eyes they saw
Young man and young women

Perish one by one.

Who would sing for the lonesome one

Who would care for the lonesome one

Let me be the one, aye aye sir

So, I would strive for the lonesome one

He’s the one who has lost both wit and brain

Alas if you had only

Seen him two weeks ago
Vomiting now, no appetite
Eyes dazed like in a stupor

Go near to him

And catch the fish monger’s smell

Alas for him, he has lost both self and soul
His skin covered in sores and scabs
Scratching, bleeding, tearing tissue

To relieve the pruritic scourge

In renal failure your whole body

The skin itches like hell

You scratch and scratch to quell that itch
Life has indeed forsaken him

His doctor told him its uraemia

Meaning he has urine in his blood

Swollen all over — face, limbs, bloated abdomen
He could hardly breathe, lungs swollen with fluid
A deep sighing respiration, acidotic



He is starting to fit now, slowly into coma fade
His sunset eyes rolling upwards

A few more turns, spastic rigidity

And he lies still, for dead

The nurse pulls the sheet
A mortuary cover over him
Another death, another digit we cannot prevent

Despite all our heroic deeds

How did they do it, in all the developing countries
Throughout the developed world

Why can’t we do the same

Meanwhile, the newly dead join the rest

So many and still counting
100 cases of end-stage renal disease a year, 1975

How do we pick up the pieces

End this ravage, or at least slow it if we cannot prevent.

The monkey trembles on the tree trunk
Its fear shakes the trembling leaves

As they fall to the ground

Each leaf a life

Do we still call ourselves doctors

Why can’t we save these lives

When others can

Dialysis and transplantation, that is the cure

We must do it, it’s humanly possible

If others can do it, so can we

Epigraph  vii
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Pursue that dream, a quest for life
Transform into reality

A new remedy to save these lives

Through dialysis and transplantation

And thus was born, “A Tale from the Attic”

Professor Woo Keng Thye
14t Jan 2023
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Foreword

Welcome to The Kidney Book — a comprehensive guide designed
to assist you in the diagnosis, treatment, and management of
common renal conditions.

The kidneys play a pivotal role in maintaining homeostasis
within the body, filtering waste products, regulating electrolyte
balance, contributing to blood pressure control and performing
multiple endocrine functions. The discovery of dialysis and
transplantation has converted end stage renal disease, which
was once a terminal disease, into a chronic illness. Navigating
the intricate landscape of renal medicine can be a challenging
endeavour.

Aspart of the 50 Anniversary celebration of the establishment
of renal medicine in Singapore, this handbook has been
meticulously crafted in 2023 to serve as your reliable companion in
the understanding and management of the myriad renal disorders
that can profoundly affect our patients’ lives.

We have designed this handbook to be a concise, accessible,
and invaluable resource. Whether you are preparing for exams,
seeing patients on the wards, or seeking a quick reference at
the point of care, this handbook is tailored to meet your needs.

MW xxi
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May your journey through the realm of renal medicine be both

fulfilling and enlightening.

Associate Professor Tan Chieh Suai
Head and Senior Consultant
Department of Renal Medicine
Singapore General Hospital



Preface

The Department of Renal Medicine at the Singapore General
Hospital is the oldest and largest renal unit in Singapore. It had
its humble beginnings in 1961 when pioneering doctors such as
Professor Khoo Oon Teik and Dr Lim Cheng Hong delivered the
first haemodialysis treatment to a British soldier who had suffered
acute kidney injury from a motor-cycle accident. This was soon
followed by the establishment of a chronic haemodialysis unit in
1968 and the first kidney transplant was performed in 1970. As
services for patients with kidney diseases grew, the Department
of Renal Medicine was officially established in 1973 with Dr Lim
Cheng Hong as its founding head of department. Peritoneal dialysis
was subsequently introduced in 1980 and since then the renal unit
has grown by leaps and bounds to become a world-class, academic
renal unit. This book is produced in the year 2023 to celebrate the
50™ Anniversary of the Department and to consolidate the years
of experience and knowledge that the department has accrued
from many generations of nephrologists and other healthcare
professionals.

This book is called The Kidney Book to recognise that kidney
care is provided by an entire village of healthcare professionals
and not only by physicians. It provides a multidisciplinary practical

guide to the clinical management of common kidney conditions,

M xxiii
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procedures and situations encountered by physicians, residents,
nurses, and other healthcare professionals involved in the day-
to-day care of patients with kidney diseases. Being a book aimed
at assisting in the daily clinical care of patients, it is written by
nephrologists and allied health professionals in a deliberate point-
by-point format with tables, algorithms, and figures to summarise
important clinical practices and procedures that would be easy to
refer to.

Consistent with our strong collaborative and patient-centric
values at the Singapore General Hospital, we are extremely grateful
to our co-authors from various sub-specialties and other disciplines
who have agreed to contribute chapters to this book. We are deeply
appreciative of their efforts as well as their consensus on keeping
this book as practical as possible. We would also like to thank our
many other physicians, nurses and allied health professionals in
our department who have not written a chapter but continue to
work tirelessly to provide the best care and journey for our patients
who struggle with kidney diseases.

We hope that readers of this book will find it practically useful
as well as a tool for learning and revision. The Kidney Book will
also stand out among other similar books in that it is one of the few
books written in English on nephrology from Asia. It will therefore
appeal to the kidney community in this part of the world.

Associate Professor Terence Kee

Senior Consultant, Department of Renal Medicine
Director, Kidney Transplant Program

Singapore General Hospital
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Chapter

Pebbles From the
Grand Round

Woo Keng Thye

Introduction

The renal grand rounds were a grand affair on every Monday morning,
where the entire department from consultants and nurses to allied
health professionals would gather at the high dependency renal unit
to wait for Professor Woo Keng Thye to start his grand round. During
the grand rounds, the medical officers would present the patients
they were looking after in an eloquent manner, having prepared their
script the evening before and being ready to answer questions posed
by Professor Woo. If the medical officers did not know the answers
to the questions, Professor Woo would then turn to the registrars
where the expectations were higher for them. So in order to “protect’
their registrars, the medical officers would have studied the evening
before and in most instances, answered Professor Woo's questions
with poise and accuracy. This is a fondly remembered selection of
questions and answers in Professor Woo’s own words.

Terence Kee

3
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Question 1

When treating patients with urinary tract infection, how
soon would bacteria be killed after antibiotics administra-
tion? When would symptoms disappear and how long would
pyuria last?

Answer 1

Bacteria would be killed within hours. Symptoms go oft after
24 to 48 hours. Pyuria goes off by the end of 1 week. That is why
we review patients in a week’s time at the outpatients. If pyuria
persists after 1 week, it means either the antibiotic was not appro-
priate or the infection was in the upper urinary tract (e.g., pyelo-
nephritis) and the patient would require an intravenous pyelogram
or a CT pyelogram.

Question 2

How do scars in the kidney form in patients with UTI?

Answer 2

Scars may occur in patients with chronic pyelonephritis, by which
we mean chronic atrophic pyelonephritis because of vesico-
ureteric reflux. Acute pyelonephritis does not cause scarring,
unless there is acute papillary necrosis associated with the urinary
tract infection. For scars to form, two conditions are necessary.
First there must be the presence of infected urine. Then there
must be intrarenal reflux or grade IV reflux occurring, so that the
infected urine can get into the kidney during micturition when

there is retrograde flow of the infected urine to allow scarring to
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occur. If urine is rendered sterile using prophylactic antibiotics,
scars will not form.

Scars occur first in the upper pole, next the lower pole, and
then the mid pole, hence the irregular scarring we see in chronic
pyelonephritis. Scars once formed will progress inexorably until
the kidney becomes shrunken and contracted. Compensatory
hypertrophy occurs in the other kidney due to glomerular hyper-
filtration, hence the presence of unequally sized scarred kidneys in
patients with chronic pyelonephritis, compared to the bilateral and
symmetrical contraction kidneys of equal size we see in patients
with chronic glomerulonephritis.

Question 3

How do you tell whether a patient has Type I renal tubular
acidosis (distal RTA) or Type II renal tubular acidosis (prox-
imal or classic RTA) by the bedside?

Answer 3

Check the urine pH of the patient. If the patient has RTA and the
serum bicarbonate is less than 15 mEq/l (i.e., severe metabolic
acidosis) and if the urine pH is still more than 5.3, this patient has
distal RTA because a patient with Type I distal RTA, no matter
how severe the acidosis is, will never be able to acidify their urine
to a pH of 5.3 or less.

This contrasts with a patient with proximal or Type II RTA
where he is severely acidotic but would be able to acidify his urine
and bring the urine pH to 5.3 and below. This is because a patient
with Type II RTA or proximal/classic RTA cannot absorb his usual
load of 65% bicarbonate filtered through the proximal tubule, as
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in the case of someone without RTA. The patient with Type II
classic or proximal/classic RTA can only absorb up to 40% of his
filtered load of bicarbonate as there is a defect in his bicarbonate
absorption mechanism. So the extra 20% filtered bicarbonate is
now presented at the distal tubule. The distal tubule has its normal
bicarbonate load of 20% to be absorbed, but the additional 20%
spill over from the proximal tubule overwhelms the distal tubular
mechanism for absorption of bicarbonate, competing with the H*
ions for excretion of NH4* and titratable acidity. The limit of the
distal tubule is 20% bicarbonate absorption, so the extra 20% from
the spill over by the proximal tubule now renders the pH of the
urine at the distal tubule above 5.3, reflecting the inability to acid-
ity the urine.

So, check the urine pH of patients with RTA when they are
very acidotic. If urine pH is 5.3 and below, it means the patient
has Type II or proximal/classic RTA, in contrast to patients with
Type I or distal RTA who would not be able to acidify their urine
no matter how acidotic they are.

Question 4

What is acute nephritic-nephrotic syndrome and its clinical

significance?

Answer 4

When a patient has nephrotic syndrome, which is a triad of
oedema, proteinuria more than 3 g/day, and low serum albumin
less than 30 g, and if he also passes blood in the urine (i.e., gross
haematuria), then he has acute nephritic-nephrotic syndrome. In

Singapore, one of the conditions to be excluded is lupus nephritis,
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because patients with acute nephritic-nephrotic syndrome often
have mesangiocapillary glomerulonephritis (MCGN), which is
very common in patients with systemic lupus erythematosus
(SLE). Idiopathic MCGN is very uncommon in Singapore com-
pared to lupus nephritis.

Histologically, patients with MCGN would have subepithelial
and subendothelial deposits on light microscopy. So, if any patient
is found to have subepithelial and subendothelial deposits on light
microscopy, one should suspect lupus nephritis and investigate for
SLE. In lupus nephritis, the immunofluorescence on renal biopsy
would also show a full house immunofluorescence pattern with the
presence of IgG, IgA, IgM, Clq etc, which would further support
a diagnosis of lupus nephritis in addition to the electron micros-

copy findings of subepithelial and subendothelial deposits.

Question 5

What is a telescoped urine specimen and what is the clinical
significance?

Answer 5

A telescoped urine, not telescopic, is when the urine shows all the
formed elements of urine such as red blood cells, white blood cell
casts, and the urine test for albumin is positive. This is a full house
urinary finding as if one is looking through a telescope and visua-
lises a complete view of whatever is happening in the urine. When
confronted with such a full house picture of the urine, one must
exclude lupus nephritis as the usual patient with glomerulonephritis
should not have a full house view. He is likely to have red blood cells
signifying haematuria but not white blood cells signifying pyuria.



8 The Kidney Book

In lupus nephritis, the tubular cells are also affected, hence
the presence of tubulointerstitial nephritis with pyuria as lupus
nephritis also involves the glomeruli as well as the tubules. This
explains why patients with lupus nephritis have Type I RTA and
less often Type II RTA, because the autoantibodies present in SLE
cause tubular injury resulting in RTA. So, with lupus nephritis, a
full house immunofluorescence goes hand in hand with full house
urine microscopy, which signifies active lupus nephritis and indi-
cates the need for therapy. Once treated, the active sediment as
seen in full house urine microscopy subsides and we find a bland
urinary sediment with occasional red blood cells and traces of pro-
tein, but no pyuria. The immunosuppressant can be reduced as
the proteinuria would be decreased, the anti-DNA titre would be

lower, and serum complements back to normal levels.

Question 6

What is synpharyngitic haematuria?

Answer 6

Synpharyngitic haematuria means the patient is passing blood in
the urine (i.e., gross haematuria) while having sore throat (pharyn-
gitis) or some form of upper respiratory tract infection. The word
synpharyngitic means the patient is having pharyngitis at the same
time or simultaneously as he is passing blood in the urine. This is
characteristic and diagnostic of IgA nephritis which is the com-
monest glomerulonephritis in Singapore as well as the world.
This contrasts with patients with post-streptococcal glomer-
ulonephritis (PSGN) or post-infectious glomerulonephritis. In
PSGN, the patient has a sore throat and a few weeks later finds
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that he passes blood in the urine and notices that he has pufty face
or facial oedema associated with ankle oedema. However, the sore
throat was a few weeks ago. When the patient with PSGN had
sore throat a few weeks ago, the infection gave rise to immune
complexes which get deposited in the kidney. It is an immuno-
logical reaction and takes a few weeks to develop. Some weeks
later the effects of the kidney immunological injury manifest, and
these immune complexes cause PSGN which manifests with renal
symptoms like gross haematuria, oedema, hypertension, protein-
uria, and renal impairment.

This manifestation of PSGN contrasts with IgA nephritis,
where another episode of sore throat or some other upper respi-
ratory tract infection triggers a shower of immune complexes
which get deposited in the kidney, bringing about another episode
of haematuria with gross haematuria and proteinuria, hence the

synpharyngitic haematuria.

Question 7

How do you manage recurrent haemorrhagic cystitis in a

young woman?

Answer 7

Recurrent haemorrhagic cystitis in a young woman usually means
this condition is related to sexual intercourse, often referred to as
honeymoon cystitis. As the term suggests, it involves a young bride
who encounters sexual intercourse with her partner for the first
time. However, women can also get this each time or often following
sexual intercourse presumably as they have not been made aware

of the precautions to avoid the situation. This occurs in married
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couples too where either one partner or both are nervous and, in
their anxiety, lack the natural sexual secretions which lubricate the
sexual orifices. The result is that when the penis is introduced into
the vagina, penetration does not occur smoothly and sometimes the
penis lingers outside the vagina near the anal orifice and in so doing
introduces bacteria into the urethra. The bacteria then enter the uri-
nary bladder, causing cystitis which usually results in acute inflam-
mation within the bladder and is often associated with dysuria and
bleeding, hence the haemorrhagic cystitis.

To prevent haemorrhagic cystitis, the patient must practise
3 things as part of the routine of sexual hygiene. First, within 15
minutes of sexual intercourse, the patient should empty her blad-
der as this flushes out any offending bacteria that have entered
the bladder. Second, before sexual intercourse, prolong the period
of foreplay through kissing or stroking, touching the genitalia
to excite the partner so that secretions from the sexual organs
will flow freely to provide lubrication which aids penetration.
If either partner is dry, KY jelly can be used. Third, post coitally,
take 1 tablet of nitrofurantoin, half a tablet of cotrimoxazole, or
125 mg of cefuroxime as part of the routine of sexual hygiene to
prevent infection. This must be done soon after sexual intercourse.
If infection still occurs despite this, then take 1 tablet every night
whether having intercourse or not. At the end of 6 months or 1
year, review the situation and if improved, then reduce to post
coital prophylaxis.

Question 8

A patient with diabetes has urine microscopy showing
dysmorphic red blood cells. How do you approach the
problem?
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Answer 8

A patient with diabetes should not have dysmorphic red blood
cells in the urine. The presence of dysmorphic red blood cells
means the patient has a non-diabetic nephropathy like focal seg-
mental glomerulosclerosis or minimal change disease with or
without associated diabetic nephropathy. If there is proteinuria,
this could be the result of non-diabetic kidney disease, diabetic
nephropathy, or both. The only way to resolve this is to do a kid-
ney biopsy to confirm the presence of another glomerular dis-
ease apart from diabetic nephropathy, especially if there is heavy
proteinuria which could be due to primary focal segmental glo-
merulosclerosis, a progressive nephropathy that can respond to
treatment unlike diabetic nephropathy. The renal biopsy may show
the presence of Kimmelstein-Wilson (KW) nodules indicating dia-
betic nephropathy as well as a non-diabetic nephropathy, likely
focal segmental glomerulosclerosis, which is also the commonest
type of glomerulonephritis associated with diabetic nephropathy.
Patients with diabetic nephropathy usually have other features,
such as diabetic retinopathy which occurs in 90% of patients with
diabetic nephropathy. The third feature is the presence of periph-
eral neuropathy. This triad usually occurs in patients diagnosed
with diabetic nephropathy. The fourth feature is diabetic vascu-
lopathy, hence the importance of palpating the peripheral blood
vessels in the physical examination of the patient.

The histological diagnosis would be diabetic nephropathy if
the biopsy shows the KW lesion with its typical nodular glomeru-
losclerosis. KW lesion carries a bad prognosis and is associated with
heavy proteinuria and eventual progression to renal failure, with
poor response to therapy. Nowadays, with sodium-glucose transport
protein 2 (SGLT2) inhibitors, patients with diabetic nephropathy
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with proteinuria may be able to retard the progression to end-stage
kidney disease by reducing the effects of glomerular hyperfiltra-
tion causing proteinuria. SGLT2 has been shown to be useful in
both diabetic and non-diabetic choronic kidney disease (CKD).
In one of our recent publications, we have shown that diabetic
retinopathy is associated with the presence of KW lesions in the
kidneys and there is a greater likelihood of the patient developing
end-stage kidney disease with these two lesions present. Among
all the non-diabetic kidney diseases, we have also shown that focal
segmental glomerulosclerosis is most commonly associated non-

diabetic kidney disease, which occurs in Type 2 diabetes mellitus.

Question 9

What is the impact of primary focal and segmental glomeru-
losclerosis (FSGS) over the past decade?

Answer 9

We have published a study on the demographics and clinical out-
come influencing the response of patients with primary FSGS
between 2008 to 2018. The patients (n = 150) were analysed for
their clinical, laboratory and histological characteristics including
features that could influence disease progression and clinical out-
come. There were two categories of patients, those with nephrotic
syndrome (NS; n = 62) and those without NS (n = 88).

For patients with FSGS without NS, the indices for progres-
sion involved them having significantly more tubular interstitial
and blood vessel lesions in addition to their glomerular pathol-
ogy compared to patients with NS. Patients with NS responded
to immunosuppressive therapy more favourably compared to
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the non-NS group, though both groups responded with decreas-
ing proteinuria. The NS group had better 10 years survival of
92% versus 72% for the non-NS group (log rank 0.002). The
10 years survival for the whole group (N = 150) was 64%. Our
data suggest that in FSGS, one of the significant components
of the disease is vascular and tubular damage apart from the
underlying glomerular pathology resulting in varying responses
to immunosuppressive therapy, distinct from those with NS who
responded to immunosuppressive therapy with stabilisation of
renal function, and these patients also had less blood vessel and

tubular lesions.

Question 10

How do you approach the problem of acute on chronic
kidney injury?

Answer 10

The patient may reveal a history of previous symptoms of renal
impairment, hypertension, or urinary tract infection. Urine micros-
copy may show red blood cells, casts, or protein. The urinary pro-
tein usually ranges from 1 to 2 g/day in these cases. A renal biopsy
should confirm the diagnosis of pre-existing glomerulonephritis.
In patients with “acute on chronic” renal failure, the acute ele-
ments causing acute kidney injury may be dehydration, sepsis,
uncontrolled hypertension, obstruction, and nephrotoxic antibiot-
ics as well as contrast agents and non-steroidal anti-inflammatory
drugs. When considering obstruction, one should exclude obstruc-
tion to the urological tract as well as thrombosis of renal veins and

arteries.
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Based on a diagnosis of acute renal failure (ARF) in a series
of 92 cases from 1976 to 1982, infections accounted for 30%,
pregnancy-related ARF for 13%, and glomerulonephritis for 10%.
In another series of 48 ARF cases from 1985 to 1989, septicaemia
accounted for 23 cases, drugs and poisoning for 4, and glomeru-
lonephritis for 3. Using a definition of acute kidney injury (AKI),
there were 173 cases from June 2009 to May 2010, and 34% were
due to dehydration, 27% due to sepsis, and 10% due to drugs. In
the older system using ARF instead of AKI, mild degrees of ARF
which are more readily reversible like those due to dehydration
and drugs may not have been captured under the definition of
ARF, hence the present term AKI is all encompassing and has a
wider spectrum which accounts for the large number of cases with
AKI compared to those with ARF.

Reference

Woo KT (2011). Clinical Nephrology 3rd ed. World Scientific Publishing,

Singapore.



Chapter

Assessment of Kidney
Function

Tan Hui Zhuan

Introduction

Glomerular filtration rate (GFR) is accepted as the best overall
measure of kidney function and the kidney’s ability to carry out
its excretory, endocrine, and metabolic functions.

The estimation of the GFR is used clinically to assess the
degree of kidney impairment, follow disease progression, and

inform clinical decisions.

Assessment of GFR

Glomerular filtration rate

GFR is defined as the sum of the filtration rates in all function-
ing nephrons.
True GFR is a physiological property that cannot be measured

directly in humans.
2

The normal value is approximately 140 to 173 litres/day/1.73 m
(90 to 120 ml/min/1.73 m?), with considerable variation due
to age, gender, body size, physical activity, diet, pharmacother-
apy, and physiological state (e.g., pregnancy).

s
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GFR is assessed using:

m  Measured GFR, using urinary or plasma clearance of
an exogenous filtration marker — remains a reference
standard

m  Estimated GFR, using blood levels of endogenous filtration

markers — commonly used in routine clinical settings

Estimation of GFR

Estimated GFR (eGFR) using blood levels of endogenous fil-
tration markers is recommended for the initial evaluation of

GFR.

Creatinine is the most used and widely available endogenous

filtration marker.

The 2021 Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) equation is recommended over other creatinine-
based estimating equations, such as the 2009 CKD-EPI equa-
tion, the Modification of Diet in Renal Disease (MDRD) study
equation, or the Cockceroft-Gault equation.

Of note, the 2021 CKD-EPI equation does not include a term
for race.

Clinical laboratories should use creatinine assays that are cali-

brated to the international standard.

Despite standardisation of serum creatinine assays, GFR
estimates remain imprecise because of variation in non-GFR
physiological determinants of serum creatinine which affects
its generation, tubular secretion, reabsorption, and extrarenal

elimination.
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e Cystatin C is another endogenous filtration marker but is less

commonly available for routine use.

Limitations of creatinine-based eGFR

e Clinical settings in which eGFR is less accurate include:
m  Extremes of body size or mass

m  Diet and nutritional status (e.g., high protein diet, use of
creatine supplements)

m  Usage of certain medications — drugs can affect the serum
creatinine level by competing with creatinine secretion at
the level of kidney tubule (e.g., histamine H2 antagonists,
poly-ADP ribose polymerase (PARP) inhibitors), and
certain tyrosine kinase inhibitors interfering with the
assay

m  Non-steady states such as acute kidney injury where

changes in serum creatinine often lag behind changes in
true GFR

e Measured GFR (mGFR) can be performed as a confirmatory
test in speciﬁc circumstances when a more accurate assessment
of GFR is required for clinical decision making (e.g., evaluation
of a living donor candidate).

e Type of confirmatory test to perform depends on the availabili-
ty and clinical setting.

e Equations have been developed to estimate GFR in the non-

steady state, but none of these have been validated in compari-
son with mGFR.
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Haematuria and
Proteinuria

Chapter

Kanagasabapathy Kamaraj

Introduction

e Microscopic haematuria and/or albuminuria/proteinuria are
commonly detected during routine health assessment, enlist-
ment for military service, medical insurance, or pre-employment
screening.

e The presence of haematuria and proteinuria together signifi-
cantly increases the likelihood of significant kidney disease.

Proteinuria

e Under normal circumstances, less than 150 mg of protein
appear in the urine because
m the negatively charged glomerular capillary basement
membrane acts as a barrier to large molecular weight (MW
>20,000 Daltons) and negatively charged proteins
m tubular epithelium reabsorbs lower MW proteins filtered
out into the tubular lumen
e In healthy individuals, 60% of urinary protein are plasma
proteins (mainly albumin) while 40% are from the tubular
epithelium (mainly Tamm-Horsfall protein which is secreted
by the thick ascending limb of the loop of Henle).

M9
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e Proteinuria can be differentiated according to

(] Temporal features — transient or persistent

»  Body position — orthostatic or non-orthostatic

m  Pathogenesis (Table 3.1)

m  Type of protein (albuminuria or low molecular weight
proteinuria)

= Amount excreted in the urine (nephrotic >3-3.5 g/day,
non-nephrotic <3 g/day, or low grade <1-2 g/day)

m  Clinical significance

Table 3.1: Different Types of Proteinuria

Type of Proteinuria Physiology

Glomerular Increased filtration of proteins (large molecular
proteins like albumin and immunoglobulin) through
the glomerular capillary basement membrane,
which typically occurs in glomerular diseases.

Tubular Increased excretion of proteins (low molecular
weight proteins like beta-2-microglobulin) that are
normally reabsorbed by the proximal tubules. This
typically occurs in tubulointerstitial diseases.

Overflow Overproduction of specific proteins, leading to
increased glomerular filtration and excretion which
overwhelms the ability for proximal tubules to
reabsorb these proteins.

Orthostatic Mechanism unclear — proteinuria increases when the
patient is in an upright position and ambulating but
decreases when lying down. It is common among
adolescents, < 1 g/day and is benign.

Post-renal Mechanisms unclear but occurs in inflammation of

the urinary tract infection (e.g., infection, stone, or
tumours of the urinary tract)
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Measurement of proteinuria

e Measurement of proteinuria is not only important in the
diagnosis of kidney disease but also assists in determining the

response to treatments and kidney prognosis.

Urine dipstick test

e Dipstick analysis of urine is a useful semi-quantitative screen-
ing tool for proteinuria — trace (10-20 mg/dL), 1+ (30 mg/dL),
2+ (100 mg/dL), 3+ (300 mg/dL), and 4+ (1000 mg/dL).

e Urine dipstick detects mainly albumin but is vulnerable to false
positive and false negative results (Table 3.2).

Timed urine collections
e The amount of urinary protein detected by urine dipstick needs

to be quantified with actual measurement of urinary protein.

Table 3.2: False Positive and False Negative Results for Urine Dipstick
Detection of Proteinuria

False Negative for

False Positive for Proteinuria Proteinuria

e Highly alkaline urine e Diluted urine

e Highly concentrated urine e When the predominant
e Macroscopic haematuria protein excreted is

e Prolonged dipstick exposure to urine not albumin (e.g.,

e Cleaning compounds (quaternary ammonium) Bence Jones protein in
e Detergents multiple myeloma)

e JTodinated contrast

o Antiseptics (e.g., chlorhexidine, benzalkonium
chloride)

e Dye (e.g., phenazopyridine)
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e Urine collections over 24 hours are the gold standard to quan-
tifty protein and albumin concentration in the urine. It is
often the initial evaluation test for proteinuria. A normal
24-hour urine total protein level is <150 mg/day.

e However, these collections are cumbersome and may not
be accurate if the patient under- or over-collects urine. The
adequacy of the collection can be assessed by comparing the
24-hour urine creatinine concentration to the expected urine

creatinine concentration.

Daily urinary excretion of creatinine

Male —  20-25 mg/kg or 177-221 pmmol/kg
Female - 15-20 mg/kg or 133-177 pmol/kg

e 24-hour urine collection of albumin is also available — normally,
24-hour urine albumin is <30 mg/day. Micro- and macro-
albuminuria is defined by urine albumin 30-300 mg/day and
>300 mg/day respectively.

Spot urine measurements

e Urine albumin or total protein as a ratio to urine creatinine
concentration has been shown to be comparable to timed urine

collection and is more convenient for patients.

e However, there are limitations when interpreting urine albu-
min to creatinine ratio (UACR) or urine protein to creatinine
ratio (UPCR) as follows:

m  UACR and UPCR may under- or overestimate albuminuria
and proteinuria if the urinary creatinine excretion is
significantly higher or lower than the average urinary
creatinine excretion (1000 mg/day). UACR and UPCR in
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muscular individuals may be underestimated due to the
high creatinine excretion from muscle (> 1000 mg/day)
whereas elderly or cachectic individuals with low muscle
mass may have overestimated UACR and UPCR.

m UACR and UPCR undergo diurnal variation and can
vary from day to day. A first morning sample most closely
estimates 24-hour protein excretion. It is also best to collect
spot urine samples at the same time each day if it is being
used to monitor patients” progress.

Clinical Significance of Different Types of
Proteinuria

e Proteinuria can be associated with several conditions and more
than one clinical condition causing proteinuria may occur at the
same time (Table 3.3).

Table 3.3: Clinical Associations of Proteinuria

Type of Proteinuria Clinical Association

Isolated, asymptomatic e This may be benign and transient in the

proteinuria absence of haematuria, occurring in situations
< 3 g/day such as:

m Exercise

m Fever

m Urinary tract infection
m Cardiac failure

e Patients presenting with isolated and
asymptomatic proteinuria <3 g/day should
have urinary protein measurement repeated to
confirm its persistence.

o If persistent, orthostatic proteinuria should be
excluded (e.g., a normal urine PCR on the first
morning void but an elevated urine PCR on the
second void confirms the diagnosis).

(Continued)
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Table 3.3:

(Continued)

Type of Proteinuria

Clinical Association

Microalbuminuria

Normal albumin
excretion: < 30 mg/day

24-hour urine albumin:
30-300 mg/day

Urine albumin:
creatinine ratio:
30-300 mg/g or 3.4 to
34 mg/mmol

Glomerular proteinuria

> 3 g/day

Tubular proteinuria

< 2 g/day

Overflow proteinuria

e If orthostatic proteinuria is excluded,
then further evaluation for glomerular or
tubulointerstitial disease is required.

e May be the earliest sign of diabetic/chronic
kidney disease

e Risk factor for cardiovascular disease and
mortality

o Associated with endothelial dysfunction

¢ Angiotensin-converting enzyme inhibitors
or angiotensin receptor blockers are used to
treat diabetics or hypertensive individuals with
microalbuminuria

e Urinary protein excretion of > 3 g/day is usually
due to glomerular disease

e When associated with hypoalbuminaemia,
hyperlipidaemia, and oedema, it is called
nephrotic syndrome

e Associated with tubulointerstitial disease

e Glomerular diseases can also be associated
with tubular proteinuria because increased
urinary protein also causes tubulointerstitial
inflammation and injury

o Associated with specific urinary proteins
m Jg light chains/Bence Jones protein (multiple
myeloma)
m Myoglobin (rhabdomyolysis)
m Haemoglobin (haemolysis)
m Lysozyme (acute myelomonocytic leukaemia)

Management of proteinuria

e Patients may be referred because of either a positive urine dip-

stick or urinary measurement of urinary protein or albumin.
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e A detailed history and physical examination are required, espe-
cially looking for:
m  Past laboratory reports to determine if proteinuria is new

or old

»  Confounding factors — exogenous protein supplementation,

fever, cardiac failure, exercise, orthostatic proteinuria
= Presence of systemic disease
»  Family history of kidney disease
m  Medication chart, especially those associated with
glomerulonephritis (e.g., non-steroidal anti-inflammatory
drugs) or tubulointerstitial nephritis (e.g., antibiotics)
e Repeat measurement for proteinuria/albuminuria, ideally a

24-hour urine collection for protein or albumin together with
renal panel and urine microscopy for haematuria/pyuria.

e Ifrepeat test shows proteinuria without abnormal kidney func-

tion or haematuria/pyuria, exclude orthostatic proteinuria.

e If orthostatic proteinuria is excluded, evaluate for urinary tract
infection (especially if there is pyuria), paraproteinaemia (uri-
nary light chains), and primary kidney diseases (especially if
there is abnormal kidney function and haematuria).

e An ultrasound of the kidney, ureter, and bladder is also use-
ful to exclude structural causes and assess suitability for kidney
biopsy, if indicated.

Haematuria

e Haematuria is generally defined by the presence of 3 or
more red blood cells per high power field in a spun urine

sediment. Urine dipstick can also detect haematuria but a
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Table 3.4: Causes of Haematuria

Glomerular causes
IgA nephropathy

Thin glomerular basement membrane disease

Alports syndrome
Other types of glomerulonephritis

Renal parenchymal

Polycystic kidney disease
Medullary sponge kidney

Sickle cell disease/trait

Papillary necrosis

Renal infarction

Renal arteriovenous malformation

Drugs

Over anticoagulation with warfarin, heparin
Aspirin

Cyclophosphamide

Other causes

Systemic bleeding disorders
Trauma

Exercise haematuria
Hypercalciuria‘hyperuricosuria

Tumours

Renal, ureteral, and bladder
tumours

Bladder and ureteral polyps

Prostate tumour

Vascular malformation

Urinary tract

Calculi

Infection

Vascular malformation
Urethral and meatal stricture
Schistosoma haematobium

Infections/Inflammation
Pyelonephritis

Prostatitis

Cystitis e.g. Adenovirus, BKV
Urethritis

Tuberculosis

positive dipstick test for haematuria may also be due to oth-

er factors such as myoglobinuria, haemoglobinuria, or con-

taminants (e.g., semen, cleansing agents).

e Haematuria may be defined by its visibility (microscopic or

macroscopic) or its source (glomerular or lower urinary tract)

(Table 3.4).
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Macroscopic haematuria

Haematuria that is visible to the naked eye as red or brown urine
and may be associated with the passage of blood clots. It may be
confused with menses (in women) and urinary excretion of heme

due to haemolysis or rhabdomyolysis.

Microscopic haematuria

Haematuria that is invisible to the naked eye and can only be
seen by microscopy. Microscopic haematuria is more commonly

encountered than macroscopic haematuria.

Management of haematuria

e Patients are often referred because of either a positive urine

dipstick or urine microscopy result showing haematuria.

e Repeat test for haematuria using urine dipstick and microscopy —
if the dipstick is positive but microscopy is negative for red
blood cells, consider other diagnoses such as myoglobinuria or
haemoglobinuria.

e Take a detailed history, looking for possible causes of haematu-
ria, especially:
m  Past laboratory reports to determine if haematuria is new

or old

m  Exclude confounding factors — menses, recent exercise,

infection, trauma/instrumentation, sexual intercourse

m  Risk factors for malignancy — smoking, cyclophosphamide,

occupational history for risk factors of urologic cancers
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Review medication chart for drugs that can increase
bleeding risks
Family history of wurinary abnormalities or kidney

diseases

e If urine microscopy is still positive for haematuria, further eval-

uation is required such as:

Renal panel
Full blood count
Coagulation profile

Urine culture if there is suspicion of urinary tract infection
such as symptoms/signs, positive nitrite on urine dipstick,

pyuria on urine microscopy

Urine phase contrast to detect dysmorphic red blood
cells and/or red blood cell casts, suggestive of glomerular

haematuria

Urine protein measurement (e.g., 24-hour urinary total
protein)

Cystoscopy, especially for macroscopic haematuria and risk
factors for malignancy — some guidelines also suggest an
age cut-off for cystoscopy evaluation of haematuria, such
as 35 years and older (American Urological Association
2012 guidelines) or 40 years and older (Canadian Urologic
Association 2009).

Computed tomography of kidneys, ureters, and bladder —
ultrasound is an alternative for pregnant women

Kidney biopsy is indicated in those with dysmorphic red
blood cells, proteinuria, and abnormal kidney function



Haematuria and Proteinuria 29

e When no cause is found for haematuria, patients should be
followed up at least annually while the haematuria remains
persistent. Repeat work-up may be required when there is a
change in condition (e.g., macroscopic haematuria, develop-

ment of proteinuria).
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Chapter

Imaging of the Kidney
and Urinary Tract

Tan Chee Wooi, Lath Narayan

Introduction

Imaging is one of the useful tools in daily clinical care for a
patient with kidney disease. Over the past 100 years, imaging
has evolved rapidly from weak X-ray machines to a multitude of
modalities (e.g., ultrasonography, computed tomography, mag-
netic resonance imaging, catheter angiography, scintigraphy
with nuclear medicine agents, positron emission tomography).
Understanding the diagnostic utilities and limitations of each
imaging modality facilitates optimal evaluation of patients with

specific clinical presentation.

Diagnostic Imaging

Plain radiograph

Kidney-ureter-bladder (KUB) X-ray is the most common X-ray
imaging used to identifty urinary calculi (Figure 4.1) and calci-
fication in kidney parenchyma (nephrocalcinosis) (Figure 4.2).
It can also delineate gas when present in large quantity, e.g., in

emphysematous infections.

Radiation exposure is about 35x of a CXR.

W31
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(d)

Figure 4.1: Patients with right loin to groin pain. (a) X-ray KUB shows calcified right
ureteric calculus, which on (b) the US is seen as an echogenic focus with shadowing
(black arrow). There is also severe right hydronephrosis.

(®)

Figure 4.2: (a) X-ray KUB and (b) Non-contrast CT KUB showing medullary
nephrocalcinosis.

e Kidneys appear bigger on X-ray than on ultrasound (due to dis-
tance magnification).
e Most of urinary calculi (90%) are radio-opaque except uric acid

and xanthine.
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Table 4.1: Causes of Nephrocalcinosis

Area of Distribution Causes

Medullary e Disturbances in calcium regulation
= Hyperparathyroidism
= Vitamin D toxicity
= Idiopathic hypercalciuria
= Sarcoidosis
= Multiple myeloma
e Tubular disease
= Renal tubular acidosis (Type 1)
= Tubulopathies, e.g., Bartters syndrome
e Others — medullary sponge kidney or papillary
necrosis

Cortical e Usually due to trauma or cortical necrosis

e Nephrocalcinosis, previously known as Anderson-Carr kidney
or Albright calcinosis, refers to the deposition of calcium in
the parenchyma of the kidney and is caused by conditions that
cause hypercalcaemia, hyperphosphataemia and hypercalciuria
(Table 4.1).

Ultrasound

e Most frequently used imaging modality in the evaluation of kid-
neys and urinary tracts. It can assess:
= Kidney size — The normal size of kidneys is 10-14 c¢m for
(males) and 9-13 c¢m for females (Table 4.2).
» Presence or absence of urinary tract obstruction or
hydronephrosis
» Able to evaluate renal structure and characterise renal

masses (cystic vs. solid)
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Table 4.2: Causes of Small and Large Kidneys on Ultrasound

One Kidney Both Kidneys
Small e Congenital e Smooth texture — chronic kidney disease
kidney(s) o Renal artery e Irregular texture — infection (e.g.,
stenosis tuberculosis), reflux nephropathy,
congenital dysplastic syndrome
Large e Renal masses, e Polycystic kidney disease
kidney(s) e.g., tumours, ¢ Dijabetes nephropathy (early phase)

cysts

Cystic kidney disease

w

d TX KID RIF

(b)

Figure 4.3: (a) Peri-graft colllection near lower pole, anechoic with some debris on
ultrasound, (b) Anterograde pyelogram shows a leak of urinary contrast into the collec-
tion, confirming a urinoma. Surgical ureteric re-anastomosis was performed with subse-
quent resolution.

» Identify perinephric fluid collections (Figure 4.3)
= Bladder structure
= Prostate size

» Provide real-time images (e.g., renal biopsy guidance)



Imaging of the Kidney and Urinary Tract 35

Contrast-enhanced ultrasound

e Ultrasound (US) using intravenous administration of a con-
trast agent, microbubbles containing sulphur hexafluoride gas
for enhancement. The contrast agent is not nephrotoxic and
is excreted by the pulmonary system. Therefore, it is useful in

patients with impaired kidney function.

e Contrast-enhanced ultrasound (CEUS) is able to characterise
kidney lesions and stratifies the risk of malignancy according to
the Bosniak classification (Table 4.3 and Figures 4.4 and 4.5).

Table 4.3: Bosniak Classification of Cystic Kidney Masses*

Risk of
Class Description Workup Malignancy (%)

1 Benign simple cyst Nil 0
e thin wall
® no septation/calcification/
solid components
2 Minimal complex cyst Nil 0
e thin septa or calcification
e well marginated
2F Minimal complex cyst Surveillance 5
e multiple thin septa
e calcification can be thick or
nodular
e high attenuation lesion
3 Indeterminate cystic mass Partial 50
e thickened irregular walls or nephrectomy
septa with enhancement
4 Clearly malignant cystic mass Partial/Total 100
nephrectomy

*Bosniak 2019 version proposed to include features from an MRI but has not undergone widespread
validation.
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Figure 4.4: Patient with adult polycystic kidney disease. Both kidneys are enlarged
with numerous cysts, as seen on (a) the US as anechoic lesions and (b) cystic density
lesions on contrast-enhanced CT. Also note the cysts in the liver on CT.

Figure 4.5: (a) Exophytic complex renal mass on ultrasound with differentials of a
tumour versus complicated cyst. Due to impaired kidney function, contrast-enhanced
CT or MRI were not indicated, (b) instead CEUS was performed which showed the
lesion to be avascular, indicating a complicated cyst. Note the enhancement of normal
renal parenchyma on CEUS.

Doppler ultrasound

e Doppler US is based on the frequency shift of the sound wave
caused by moving objects; hence, it can be used to assess arte-

rial and venous blood flow of native and transplanted kidneys.
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e Renal arteries arise from proximal abdominal aorta, just below
the origin of superior mesenteric artery. Accessory renal artery
is in 20-30% of the population.

e Renal veins are located anterior to the ipsilateral renal artery,
and both vessels course anterior to the renal pelvis before

entering the renal hilum.
e Indications for a Doppler US are
= Renal artery stenosis (Figure 4.6)
= Renal vein thrombosis
» Kidney masses with tumour invasion of the renal veins
» Renal arterial aneurysms
» Post-intervention complication (post-kidney biopsy)
= Arteriovenous fistulas (AVFs), arteriovenous malforma-
tions (AVMs) (Figure 4.7)
e Doppler US renal artery interpretation
= Peak Systolic Velocity (PSV)

— normal values are 60-100 cm/s. If PSV >200 cm/s, sug-
gestive of RAS

V=314m/s
*Mean = 0.39m/s

TEE o=
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Figure 4.6: Patient with kidney graft dysfunction due to renal artery stenosis. Doppler
at anastomosis shows (a) focal “aliasing” with increased peak systolic velocity (314 cm/
sec), and (b) intraparenchymal waveforms showing “parvus tardus” with increased accel-
eration time (77 msec), (¢) catheter angiography confirms significant stenosis at anasto-
mosis due to kink.
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(a) (b)

Figure 4.7: Post-renal biopsy AV fistula at the lower pole. (a) Colour doppler shows
the area of aliasing which (b) on spectral doppler shows high velocities (up to 300 cm/
sec) and spectral broadening.

— measured at the renal artery origin, mid portion, and hilum
— doppler-to-vessel angle of 60 degrees or less is manda-
tory to ensure that velocity information is accurate
= Renal aortic ratio (RAR)
— normal value is <3.5

— determined by the ratio of PSV in the renal artery and
PSV in the aorta

= Resistive index (RI)
— normal range is 0.5 to 0.7

— determined by dividing the difference between the
PSV and end-diastolic velocity by the PSV

— high RI is a sign of increased peripheral vascular resis-
tance and is a nonspecific finding
= Waveform
— Acceleration time (AT) (time of the start of systole to
peak systole) <70 msec

— Acceleration index (AI) (slope of the systolic upstroke)
>3 m/s



Imaging of the Kidney and Urinary Tract 39

— Tardus parvus is seen downstream to the site of stenosis
(tardus: slow upstroke or prolonged AT, while parvus:

small systolic amplitude/peak (AI))

Computed Tomography

e Computer reconstruction of X-ray images from multiple angles,
producing “cross-sectional” images of the body. There are sev-
eral types of computed tomography (CT) (Table 4.4).

Table 4.4: Types of Computer Tomography

Non-contrast CT Indications

CT KUB e Mainly for an assessment of stone disease

(Figure 4.8)

Contrast-enhanced CT  Indications

CT urography or e Multiphasic, usually unenhanced, and post-
intravenous urography contrast (nephrographic and excretory phase

(Figures 4.9 and 4.10) scans)

e Demonstrates collecting system, ureter, and
bladder on an excretory phase

e Superior to traditional intravenous pyelography
e Useful for
— urothelial mass
— obstructive uropathy
— urothelial surveillance
— ureteric stricture
CT angiogram (CTA) e Demonstrates renal vasculature
(Figure 4.11) e Superior to US Doppler
e Useful for

— Diagnosis of renal artery stenosis in
determining the level and extent of stenosis

— Providing information to guide subsequent
treatment planning
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Figure 4.8: Non-contrast CT KUB shows right renal calculus and distal right ureteric
calculus (black arrow), resulting in right hydronephrosis.

Figure 4.9: Contrast-enhanced CT in a patient with fever showing right kidney
abscess, containing pockets of gas, parenchymal swelling, and adjacent fat stranding.
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7]

Left Kidney Long UP

Figure 4.10: Renal angiomyolipoma. (a) Ultrasound shows an exophytic echogenic
mass at the upper pole of the left kidney, (b) Contrast-enhanced CT confirms a mass with
predominant fatty density.

Figure 4.11: Young hypertensive. CT angiography (CTA): (a) Axial maximum intensity
projection (MIP) image and (b) Coronal reconstruction image shows severe stenosis of
the mid segment left renal artery (black arrows), likely fibromuscular dysplasia.

e Has a better resolution with faster and better characterisation

of renal masses.
e Indications:

s Further characterisation of renal masses — can differenti-

ate a simple cyst from a tumour (e.g., Bosniak class 2F)

= Staging of tumours — helps in prognostication and a treat-

ment plan
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»  Urinary calculi

= Renal collection/perirenal collection/abscess

= Retroperitoneal pathology

»  Obstructive uropathy — degree and cause of obstruction

= Renovascular disease

Magnetic Resonance Imaging

e Uses electromagnetic radiation (radiofrequency waves) to cre-
ate images from hydrogen protons in water present in body
tissues (Figure 4.12). There is no patient exposure to ionising

radiation as compared to CT.

(d)

Figure 4.12: Patient with haematuria. (a) Axial contrast-enhanced CT, (b) MRI axial
T2, and (c) Post-gadolinium images shows a heterogenously enhancing right renal mass,
invading right renal vein and inferior vena cava (black arrows), which are consistent with
renal cell carcinoma, (d) diffuse weighted (DWI) MR image shows a mass and tumour
thrombus in the inferior vena cava with bright signal.
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Magnetic resonance imaging (MRI) is an alternative to CT for

specific patient populations:

= Allergies to iodinated contrast

» Special population where exposure to radiation should be
minimised — pregnant women and children

» Patients with impaired kidney function

Gadolinium-based agents are the most common contrast agent

used in MRI imaging, but there is a risk for nephrogenic sys-
temic fibrosis (NSF).

Nephrogenic systemic fibrosis

Nephrogenic systemic fibrosis (NSF) is a rare but painful and
devastating skin complication of gadolinium and can progress

to involve internal organs (muscle, heart, lung).

The dermopathy present with symmetric, dark red patches and
burning, itching, and severe pain over affected areas. It initially
involves the lower legs and forearms and progresses to peri-
articular tissue, which can lead to contractures and impaired
mobility.

Internal organs can be involved where scarring leads to a

restriction of individual organ function.

A diagnosis of NSF is made when there is a history of gadolin-
ium exposure and a diagnostic full thickness skin biopsy show-
ing thickened collagen bundles, mucin deposition, proliferation
of fibroblast, and elastic fibres but no sign of inflammation.

Prevention is the key, as there is no effective treatment for NSF.

ACR (American College of Radiology) classifies gadolinium-
based agents into 3 groups relative to the risk of NSF:

Group 1: Agents associated with the greatest number of NSF
cases — Omniscan®, Magnevist®, OptiMARK®
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Table 4.5: Guidelines for the Use of Gadolinium Contrast in Patients

with Kidney Diseases

Kidney Disease

Guideline

End-stage kidney disease
on dialysis

Patients with chronic
kidney disease (estimated
glomerular filtration rate
<30 mL/min/1.73 m?)

Review indication for an MRI scan with
gadolinium.

Explore alternative imaging modalities, e.g.,
contrast-enhanced CT.

Group I gadolinium contrast agents are
contraindicated.

If an MRI with gadolinium is needed, schedule

an MRI before the scheduled dialysis and use
group II gadolinium contrast agents.

Group I gadolinium contrast agents are
contraindicated — use group II agents instead.

No role to perform dialysis for the removal of
gadolinium contrast agent.

Group II: Agents associated with few, if any, unconfounded cases
of NSF — MultiHance®, Gadavist®, Dotarem®, Clariscan®,

ProHance®

Group III: Agents for which data remains limited regarding
NSF risk but for which few, if any, unconfounded cases of NSF
have been reported — Eovist® / Primovist®

e Patients with kidney disease are at high risk for NSF

(Table 4.5).

Nuclear renal scans or renal scintigraphy

e Scintigraphy provides functional and structural information

(Table 4.6).



Table 4.6: Types of Renal Scintigraphy

Type of Nuclear

Scintigraphy Clearance

Utility

Indication

Technetium-99m
diethylenetriamine
pentaacetic acid (DTPA)

Analogous to inulin —
cleared by glomerular
filtration and is
not reabsorbed or
secreted by tubules

Technetium-99m- 95% cleared by proximal

labelled agent tubular secretion
mercaptoacetyltriglycine and thence useful
(MAG3) for patients with low

glomerular filtration
rates (5% cleared by
glomerular filtration)

Technetium-99m- Filtered by glomerulus
and reabsorbed —

binds and is retained

dimercaptosuccinic acid
(DMSA)
in proximal tubules of
the cortex

e Estimation of the
glomerular filtration rate

e Estimation of effective
renal plasma flow

e Higher extraction fraction

than DPTA, better for
imaging obstructed
kidneys or kidneys with

poor function

e Imaging of the kidney

cortex and parenchyma

e Not useful for the

evaluation of the
excretory function

o Imaging of kidney perfusion

e Imaging of kidney function,
especially in kidney donor

o Captopril renography (DPTA/
MAG3) — in renal artery stenosis, a
positive scan will show asymmetry of
size or function, delayed time to peak
activity, and cortical isotope retention

e Imaging of kidney function

o Generate renogram curves, which
show the transit of tracer through the
kidneys

e Evaluate for urinoma

o Evaluate the kidney cortex, such
as regions of cortical scarring or
pseudotumours

o Congenital abnormalities, e.g.,
horseshoe kidney or ectopic kidney

o Chronic pyelonephritis or
vesicoureteral reflux

Sy Joell Areuln pue Aauply auyj jo buibed|
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5 Sodium Disorders

Chapter

Cai Jiashen, Kwek Jia Liang

Introduction

e Sodium disorders, such as hyponatraemia and hypernatraemia,
reflect disruptions in the delicate balance of water and sodi-
um in the body. The kidneys, along with other osmoregulatory
mechanisms, play a central role in maintaining water and sodi-

um balance.

Sodium Balance

e The renin-angiotensin-aldosterone system (RAAS) and the
atrial natriuretic peptide (ANP) system are crucial in regulat-
ing sodium (Na*) levels and are influenced by extracellular fluid
(ECF) volume and effective arterial blood volume (EABV).

= RAAS: When EABV decreases, renin is released, leading
to the production of angiotensin II. Angiotensin II then
stimulates the release of aldosterone from the adrenal
glands, promoting Na* reabsorption in the kidneys.

= ANP: When EABYV increases, ANP is released by the heart
and increases kidney excretion of Na' and inhibits the

effects of aldosterone.

W47
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Water intake 1-1.5 L/d — Plasma4L Fixed water excretion 0.5 L/d
<5 Gapiltary membrane+

Regulated by Thirst Insensible losses (stool, sweat, lungs)

Interstitial fluid 8 L

L1 Celt w3 Variable water excretion
Kidney

Regulated by ADH

Intracellular Urine output 1-1.5 L/d

Cellular metabolism 0.3-0.5 L/d — 24 L

36 L TBW (60% of BW)

Figure 5.1: Normal water balance (assuming body weight of 60 kg)

Water Balance

e Water balance in the body involves the intricate interplay
between anti-diuretic hormone (ADH) and the sensation of
thirst (Figure 5.1).

m  ADH: ADH is produced by the hypothalamus and released
by the posterior pituitary gland in response to increased
serum osmolality or decreased EABV. ADH acts on the
renal-collecting ducts to increase water reabsorption.
Suppression of ADH release serves as a primary protective
mechanism against water retention and the development

of hyponatraemia.

m  Thirst: The sensation of thirst is triggered by the
hypothalamus in response to increased serum osmolality
or decreased EABV to increase water intake. Thirst serves
as a protective mechanism against water loss and the
development of hypernatraemia.
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Hyponatraemia
Definition

e An excess of water in relation to the body’s Na* stores

e Serum sodium concentration, Na* <135 mmol/L

Classification

Severity:

e Mild: 130-134 mmol/L

e Moderate: 125-129 mmol/L

e Severe: <125 mmol/L

Time/duration:
e Acute: <48 hours

e Chronic: 248 hours or unknown onset

Symptomatic vs. asymptomatic:

e Asymptomatic: Subtle impairments in mentation and gait, in-
creased risk of falls/fractures

e Symptomatic: Mild-moderate — headache, fatigue, lethargy,
nausea/vomiting, dizziness, gait disturbances, forgetfulness,
confusion, muscle cramps; Severe — seizures, obtundation,

coma, respiratory arrest
Tonicity:
e Hypotonic: Serum osmolality, S <275 mOsm/kg
e Non-hypotonic: S > 275 mOsm/kg
— Pseudohyponatraemia: Hyperlipidaemia, Paraproteinaemia

— Translocational: Hyperglycaemia, Mannitol, Glycine
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Hyponatraemia

Exclude Non-hypotonic Hyponatraemia
(Serum osmolality, Spgm)

!

Hypotonic
Hyponatraemia

Acute or -
Immediate
Severe Treatment
Symptoms?

Assess ADH Activity
(Urine osmolality, Ugsm)

! }

<100 mOsm/kg > 100 mOsm/kg

| Low ADH Activity | l
- Primary polydipsia
- Low solute intake
- Beer potomania

Assess EABV vs. Renallosses
(Urine sodium, Uy,)

|
! !

<30 mmol/L > 30 mmol/L

| Low EABV |

ECF expanded
- Heart failure
- Liver cirrhosis

Diuretics or
Kidney
disease?

- Nephrotic
syndrome - -
-D t
ECF reduced luretics ECF reduced
- Kidney disease - Vomiting

- Diarrhea/Vomiting
- Third Spacing

- Remote diuretics insufficiency

- Primary adrenal

- Renal salt wasting

- Cerebral salt
wasting

- Occult diuretics
ECF normal

- SIADH

- Secondary adrenal

insufficiency

- Hypothyroidism

- Occult diuretics

Figure 5.2: Algorithm for diagnosis of hyponatraemia
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Abbreviations: ADH: anti-diuretic hormone, EABV: effective
arterial blood volume, ECF: extracellular fluid, STADH: syndrome
of inappropriate anti-diuretic hormone

Source: Eur | Endocrinol (2014). 170(3): G1-G47. (ESICM, ESE,
ERA-EDTA Clinical Practice Guidelines).

Step-by-step approach

1. Exclude non-hypotonic hyponatraemia
(serum osmolality, S )

Se. < 275 mOsm/kg: Hypotonic hyponatraemia

Osr
S > 275 mOsm/kg: Pseudohyponatraemia, translocational
hyponatraemia
Osmolar gap = Measured S| — Calculated S ;> 10 is sugges-
tive of additional osmolar substance (i.e., translocational hypo-
natraemia)

Calculated S| =2x[Na]+[Glu] +[Urea] (all units in mmol/L)

2. Assess ADH activity (urine osmolality, U, )
U, <100 mOsm/kg: Low ADH activity (e.g., primary polydip-

Osm
sia, beer potomania, low solute intake)
U, = 100 mOsm/kg: Presence of ADH activity (e.g., true

hypovolaemia, effective hypovolaemia, SIADH (Table 5.1),
hypothyroidism, adrenal insufficiency)

3. Assess effective arterial blood volume (EABV) vs. renal

losses (urine sodium, U )

U, <30 mOsm/kg: Low effective arterial blood volume
U, >30 mOsm/kg: Elevated Na* excretion — rule out diuretic
use or kidney disease

4. Assess extracellular fluid status
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Table 5.1: Diagnostic Criteria for Syndrome of Inappropriate
Antidiuretic Hormone Secretion

e Hypotonic hyponatraemia, serum osmolality (S, ) <275 mOsm/kg

e Euvolaemia

e Less than maximally dilute urine: U > 100 mOsm/kg

Elevated urine sodium excretion with lack of sodium retention: U > 30

mmol/L

Absence of severe kidney disease, cirrhosis, or heart failure

Absence of alternative causes of euvolaemic hypotonic hyponatraemia with
less than maximally dilute urine including but not limited to hypothyroidism,
glucocorticoid insufficiency, or diuretic use

Management

Acute or symptomatic hyponatraemia

e Hypertonic saline (3% NaCl) 1-2 mI/kg body weight per hour
(typically 50-100 mL)

e Monitor Na*every 2 hours, aim to increase in Na*by 1 mmol/L,
per hour (~4-6 mmol/L in the first 6 hours)

Chronic and asymptomatic hyponatraemia

¢ Treatment according to underlying cause

»  Euvolaemic (normal ECF) hyponatraemia: treat underlying
cause

»  Hypovolaemic (reduced ECF) hyponatraemia: volume
repletion with isotonic saline or balanced crystalloids

»  Hypervolaemic (expanded ECF) hyponatraemia: fluid
restriction * diuretics

m  SIADH: fluid restriction * increased solute intake (NaCl
tabs)

¢ Limit increase in Na*by 8 mmol/L in any 24-hour period

= Monitor Na*every 4-6 hours and urine output
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= In the event of over-rapid correction, consider re-lowering
Na*with electrolyte-free water + desmopressin (1-2 mcg

every 6 hours)
¢ Estimation of effects of infusate

m  A[Na]=([Na] + [K] —[Na]__ J/(TBW+1)

infusate infusate serum

Osmotic demyelination syndrome

e Acute demyelination in the setting of osmotic changes associat-
ed with rapid correction of hyponatraemia

e Risk factors: [Na] < 105 mmol/L, hypokalaemia, hypophospha-

taemia, alcoholism, malnutrition, liver disease

Hypernatraemia
Definition

e A deficit of water in relation to the body’s Na* stores

e Serum sodium concentration, Na* > 145 mmol/L

Classification
Time/duration:
m Acute: <48 hours

m Chronic: > 48 hours or unknown onset

Step-by-step approach

1. Assess ADH activity (urine osmolality, U,_)
U, <600 mOsm/kg: Renal concentrating defect

Osm

U, <300 mOsm/kg: Pure water loss — Diabetes insipidus (DI)

Osr



54  The Kidney Book

Hypernatraemia

Assess ADH Activity
(Urine osmolality, Uggm)

v v
< 600 mOsm/kg > 600 mOsm/kg
defect concentrating abilit
<300 mOsm/kg 300-600 mOsm/kg Assess Sodium Excretion
. . Urine sodium, U
Diabetes insipidus - Natriuretic { o)
diuretics (Loop
l diuretics)
Desmopressin - Osmotic diuresis
(DDAVP) trial Ll betelicaea)
- Partial DI
Increase in Uggm Unchanged Uggp, <25 mmol/L >100 mmolL/L
Central Nephrogenic - Inadequate water - Excessive Sodium
- Trauma, Surgery - Hypercalcaemia intake intake
- Tumour, Infiltrative - Drugs, e.g., Lithium - Water losses (Gl or
disease - AKI, CKD, Cystic Insensible)
- Infection kidney disease
- Congenital

Figure 5.3: Algorithm for diagnosis of hypernatraemia

U, 300-600 mOsm/kg: Driven by natriuretic diuresis or
osmotic diuresis — Loop diuretics, hyperglycaemia; partial DI

U,,. > 600 mOsm/kg: Preserved renal concentrating ability

2. If U, <300 mOsm/kg, desmopressin (DDAVP) trial

Differentiate central/neurogenic vs. nephrogenic DI

3. If U, > 600 mOsm/kg, assess sodium excretion (urine
sodium, U )
U, < 25 mmol/L: inadequate water intake, extrarenal hypo-
tonic fluid losses (gastrointestinal or insensible)
U, > 100 mmol/L: excessive sodium intake
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Management

e Address underlying cause — Specific treatment for underlying
cause (e.g., correction of electrolyte abnormalities, hypergly-
caemia, desmopressin for central DI, stop water/fluid losses,

restore access to water)
e Assess free water deficit

Free water deficit = Total body water x ([Na] — 140)/140 (all
units in mmol/L)

Will need to account for ongoing free water losses
e Determine rate of correction
= Acute: Aim for Na*decrease by 1 mmol/h
m  Chronic: Limit Na* decrease by 10 mmol/24h (~0.5 mmol/h)
m  Estimation of effects of Infusate

A[Na] = ([Na] +[K] . . —[Na]
+ 1) (all units in mmol/L.)

)/(Total body water

infusate serum

e Monitor Na*every 4-6 hours and urine output
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Chapter

Potassium Disorders

Nigel Fong, Kwek Jia Liang

Potassium Balance

Total body potassium (K*) stores are about 55 mmol/kg and

distributed mainly intracellularly (98%), with extracellular K*

(2%) concentration tightly regulated within the narrow range

of 3.5-5.0 mmol/L.

The average daily dietary intake of K*ranges between 2500 and

3500 mg/day. About 90% is excreted in the urine while 10% is

excreted in the stool and sweat.

K* uptake into the intracellular compartment is stimulated by:

» insulin (facilitating post-meal uptake of dietary K¥)

m catecholamines (enabling cellular uptake of K* released by
exercising the muscles)

=  beta-agonism (e.g., nebulised salbutamol)

In the kidney, K* is freely filtered and almost completely

reabsorbed. Regulation of K* levels occur in the aldoste-

rone-sensitive distal nephron, hinging on the balance between

mineralocorticoid activity and sodium delivery to the tubular

lumen of the distal nephron (Figure 6.1).

In physiologic states, aldosterone activity and distal sodium

delivery move in opposite directions such that K* homeostasis

is unaffected.

W57
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Aldosterone
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Figure 6.1: Key Channels involved in potassium homeostasis

For instance, hypovolaemia stimulates the renin-angjotensin-
aldosterone system while simultaneously increasing proximal
sodium reabsorption, hence decreasing distal sodium
delivery. The increase in aldosterone activity stimulates
sodium reabsorption through the epithelial sodium channel
(ENaC), which is coupled to increased K* secretion through
the renal outer medullary potassium (ROMK) channel.

Conversely, the decrease in distal sodium delivery
decreases sodium reabsorption through the ENaC and
decreases K* secretion through the ROMK channel, which
counterbalances the effect of an increase in aldosterone
activity.

Hence, salt and water retention occur without affecting K*

homeostasis.

e It is only in pathologic states, when aldosterone activity and

distal sodium delivery move in parallel, that abnormal K*

homeostasis occurs.
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K* = 2.2 mmol/L. Note T wave
T P flattening and appearance of
U waves.

Figure 6.2: Electrocardiographic Changes of Hypokalaemia

Figure used with permission: Fong N, Algorithms in Differential Diagnosis, 2019.

An additional factor affecting renal K* homeostasis is mag-
nesium. The ROMK channel is physiologically inhibited by
intracellular Mg*. In hypomagnesaemia, K* efflux through the
ROMK channel is uninhibited, leading to hypokalaemia.

Hypokalaemia

e Mild hypokalaemia (K* 3.0-3.5 mmol/L) is common and fre-
quently asymptomatic.

e Severe hypokalaemia may cause cardiac instability (Figure 6.2),
gastrointestinal dysmotility, skeletal muscle weakness, and rhab-
domyolysis.

e Chronic hypokalaemia may lead to interstitial nephritis and
chronic kidney disease.

Approach

e Mechanisms of hypokalaemia include:

m cellular shifts — for instance in insulin administration, beta

adrenergic stimulation, or hypokalaemic periodic paralysis
m  reduced K* intake
m gastrointestinal losses such as in diarrhoea, or

m renal K" losses
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A stepwise approach to the diagnosis of hypokalaemia

(Figure 6.3) can be taken.

1.

The first step is to exclude pseudohypokalaemia, as occurs in
patients with marked leukocytosis, in whom uptake of K* by
metabolically active cells may occur in the sample tube follow-
ing blood collection.

Take a careful history for a cause of hypokalaemia as the latter
is often apparent from the clinical history — for instance, in a
patient with profuse diarrhoea.

If a cause is not apparent, proceed with further workup. The
first dichotomy is between renal and non-renal K* loss, which
can be distinguished with a spot urine K* /creatinine ratio or
24-hour urine K* levels. In the setting of hypokalaemia, a spot
urine K* /creatinine ratio of >1.5 or 24-hour urine K* secretion
of >15 mmol suggests inappropriate renal K* wasting.

If there is inappropriate renal K* wasting, distinguish between
these three distinct patterns based on volume and blood pres-
sure, as well as acid/base status.

I. Hypertension and/or volume expansion: This is a pri-
mary increase in aldosterone activity that is not in response to
hypovolaemia. This increases sodium absorption through the
ENaC, leading to hypertension, hypokalaemia, and metabolic
alkalosis. The defect lies along the renin-angiotensin-aldoste-
rone axis and can be further distinguished by plasma renin

activity and aldosterone levels:

m High Renin, Low Aldosterone — Increase in renin activity,

e.g., renal artery stenosis
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» Low Renin, High Aldosterone — Increase in aldosterone
activity, e.g., Conn’s syndrome

m Low Renin, Low Aldosterone — Non-aldosterone stimula-
tion of the ENaC, e.g., steroid excess (exogenous steroids
or endogenous Cushing’s syndrome), constitutional ENaC

activation (Liddle’s syndrome)

I1. Hypokalaemia with low-normal blood pressure and
metabolic acidosis. This is the hallmark of renal tubular aci-
dosis (RTA). RTA arises from impaired bicarbonate reclama-
tion in the proximal tubule (Type II) or impaired H* excretion
in the distal tubule (Type I). The mechanism of hypokalaemia
is increased distal sodium delivery, which accompanies bicar-
bonate losses. RTA may be associated with drugs, autoimmune
disease, or paraprotenaemia. Type II RTA may also manifest as

a generalised proximal tubulopathy (Fanconi’s syndrome).

IT1. Hypokalaemia with low-normal blood pressure and
metabolic alkalosis. This represents a primary increase in dis-
tal sodium delivery. Causes can be distinguished by the urinary
chloride level:

m Spot urinary chloride >20 mmol/L: loop diuretics (and its
genetic parallel Bartter syndrome), thiazide diuretics (and
Gitelman syndrome), or hypomagnesaemia (which both
inhibits thick ascending limb sodium absorption and leads to
unopposed K* efflux through the ROMK channel).
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m Spot urinary chloride <20 mmol/L: non-reabsorbable
anions such as bicarbonates (in the setting of alkalosis due
to vomiting or high nasogastric aspirates), ketoanions, or
anionic drugs such as penicillins. This anion would be
accompanied by an increase in distal sodium delivery to

maintain charge balance.

Management

Hypokalaemia is treated by correcting the underlying cause
along with K* replacement.

The K* content of common K*' replacements is given in

Table 6.1.

Intravenous replacement is recommended where K*

<2.8 mmol/L or in the presence of ECG changes.

Tips on correcting potassium:

Table 6.1: Common Potassium Replacements

Replacement K content Notes

IV potassium chloride  10-20 mmol in 100 mL of Concentrations >10

5% dextrose mmol/100 mL
require infusion
through a central
Venous access

Oral span K tablet 8 mmol per 600 mg tablet
Oral mist KCl liquid ~ 13.4 mmol per 10 mL

solution

Oral potassium citrate 27.8 mmol per 10 mL Also provides alkali

solution buffer
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m Patients with normal kidney function often require consid-
erable replacement as total body K* potassium deficits may
be quite large — each 0.1 mmol/L decrease in serum K* is
estimated to reflect a 3040 mmol decrease in total body K*
stores.

m  Conversely, patients with impaired K* excretion (especially
patients on dialysis) should receive conservative doses of K*
as over-replacement can lead to hyperkalaemia.

m If there is hypomagnesaemia, magnesium should be re-
placed before or alongside K*. Otherwise, serum K* may fail
to rise with replacement due to continued K* losses through
the ROMK channel.

m If there is concomitant hypokalaemia and acidosis, correct
K* before acidosis as correction of acidosis will lead to K*
shifts into the intracellular compartment, which risks fur-
ther falls of serum K* levels. In patients with RTA, potas-
sium citrate is ideal to both provide K* replacement and

correct acidosis.

= Some patients have an underlying etiology of chronic
hypokalaemia that cannot be resolved and may require
high doses of long-term K* replacements. Such patients
may benefit from small doses of ENaC blockers (e.g., ami-
loride 2.5 mg or 5 mg daily) to reduce K* efflux through the
ROMK channel.

Hyperkalaemia
Definition

e Hyperkalaemia is a serum K* of more than 5 mmol/L.
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(a) Hyperkalaemia, K* = 7.0 mmol/L.Recognise  (b) As K* rises further to 9.0 mmol/L, the QRS
the tall tented T waves. complex widens, a bundle brunch block devel-

ops and P waves disappear.

Figure 6.4: ECG changes in hyperkalaemia

(Figure used with permission: Fong N, Algorithms in Differential Diagnosis, 2019.)

Hyperkalaemia leads to cardiac depolarisation, manifest-
ing as tented T waves, QRS widening, and eventual asystole
(Figure 6.4). It can also lead to neuromuscular weakness.

A rapid rate of rise in K* levels is less well tolerated than chronic

hyperkalaemia.

Principles

The kidney has a large capacity to excrete K*. In fact, in
healthy individuals, a high-potassium-low-sodium diet reduces
blood pressure and cardiovascular events, with no untoward

hyperkalaemia.

Chronic hyperkalaemia arises in the setting of reduced renal
capacity for K* excretion, such as in chronic kidney disease or in
situations of decreased aldosterone activity or decreased distal

sodium delivery (see the preceding chapter on hypokalaemia).

Superimposed insults may include increased dietary K* intake

or cellular shifts.
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Figure 6.5: Diagnostic approach to hyperkalaemia
CKD: chronic kidney disease; AKI: acute kidney injury; NSAIDs: non-steroidal anti-inflammatory drugs
(Figure used with permission: Fong N, Algorithms in Differential Diagnosis, 2019.)
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Step-by-step approach

A stepwise approach to diagnostic workup of hyperkalaemia is as

follows:

1. Exclude pseudohyperkalaemia

This occurs when blood is haemolysed during specimen collec-

tion (most laboratory systems indicate sample haemolysis) or due

to ex-vivo cellular lysis in patients with severe leukocytosis or

thrombocytosis.

2. Look for any causes of cellular shift of potassium. These

include:

Metabolic acidosis
Insulin deficiency, as in diabetic ketoacidosis
Drugs e.g., alpha agonists (phenylephrine), succinylcholine

Cell lysis, as occurs in tumour lysis syndrome, massive

haemolysis, organ ischaemia, and rhabdomyolysis.

3. Inquire the cause of reduced renal potassium excretion

Most patients will have acute kidney injury (AKI) or
chronic kidney disease (CKD). The risk of hyperkalaemia
is inversely proportional to the glomerular filtration rate
(GFR) and is typically seen below a GFR of 20-30 mL/
min/1.73 m2.

However, hyperkalaemia may develop with higher levels of
GFR due to Type IV renal tubular acidosis, ahypoaldosteronic
state which occurs in diabetic nephropathy, chronicinterstitial

nephritis, or obstructive uropathy.

Rarely, hyperkalaemia may occur in patients with normal
renal function due to genetic defects in the ENaC, leading to
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reduced mineralocorticoid effect (pseudohypoaldosteronism
Type I), or in the WNK4 channel (pseudohypoaldosteronism
Type 11, also known as Gordon syndrome).

4. Search for additional insults that precipitate hyperkalae-
mia, especially in CKD patients who previously had sta-
ble potassium levels. Such insults may include:

m  Superimposed AKI or progression of CKD

m Increased dietary K* intake

m  Medications that inhibit aldosterone activity, particularly
nonsteroidal anti-inflammatory drugs, calcineurin inhibitors,
angiotensin-converting enzyme inhibitors and angiotensin

receptor blockers, and mineralocorticoid receptor antagonists

m  Drugs that inhibit renal K* secretion, such as trimethoprim

Management

1. Correct hyperkalaemia emergently if K >6 mmol/L or if
there are ECG changes:
m  Calcium gluconate (10 mL of a 10% solution) to stabilise
cardiac myocytes.
m Insulin (10 units) with dextrose (40 mL) to shift K* into
cells. This buys temporary reprieve but does not remove
K* from the body.

m Potassium binding resins such as sodium polystyrene
sulfonate (resonium, 10-15 g q6-8h) or sodium zirconium
cyclosilicate (lokelma, 10 ¢ TDS ¢8h). Sodium zirconium
has a more rapid onset than resonium, but may be more

costly.
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Dialysis should be undertaken if medical therapy fails or if
K* is anticipated to rise rapidly as in cases of tumour lysis

syndrome, crush injury, or severe oliguric acute kidney

injury.

2. Once the patient is stabilised, consider measures to pro-

mote normokalaemia:

m  Reduce dietary K* intake and stop K' supplements,
if any.

= Avoidance of drugs that predispose to hyperkalaemia.

m  Correction of metabolic acidosis — patients with CKD
should be given oral sodium bicarbonate supplementation
aiming for a serum bicarbonate of >22 mmol/L.

m  Chronic loop or thiazide diuretic therapy if indicated (this
will also increase K* excretion).
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7 Calcium Disorders

Chapter

Kog Zheng Xi, Wong Jiunn

Calcium Balance

e Total body calcium (Ca*) stores are ~1000 g with ~99% in
bone, 0.9% intracellular, and 0.1% extracellular.

e Average dietary intake of Ca®* is 500—1000 mg/day — % excreted
in stools and % in urine.

e Extracellular Ca?* is measured as total calcium (45% free/
ionised calcium and physiologically active; remaining 10%
anion-bound, 45% albumin-bound); systemic acidosis decreas-
es calcium binding to albumin — increasing serum levels while
alkalosis has an opposite effect.

e Ca¥is regulated by (i) parathyroid hormone (PTH), (ii) vitamin D;
physiologic role of other regulatory hormones such as calcitonin,

oestrogens, and prolactin are unclear.

Parathyroid Hormone

e PTH is a protein made from 84 amino acids; initially cleaved
from pre-pro PTH — pro PTH — PTH within the parathy-
roid gland and then secreted/catabolised into N-terminal
(active) and C-terminal fragments (also referred to as “7-84”

fragments).

m71
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e PTH has several functions as follows:

Increases Ca** reabsorption (and decreased phosphate (PO?")
reabsorption) in the distal convoluted tubules. However, in
disease states like primary hyperparathyroidism, hypercalciuria
can occur as a result of systemic hypercalcaemia.

Increases bone resorption (numerous mechanisms)

Indirectly increases intestinal absorption of Ca®* by
enhancing 1-hydroxylation of 25(OH) vitamin D to
1,25(OH), vitamin D in the kidneys

e PTH secretion is regulated by changes in the Ca** level:

Hypocalcaemia (lowering of ionised Ca** — calcium-sensing
receptor [CaSR] inactivation — PTH release), vitamin D
deficiency (loss of inhibition), hyperphosphataemia and
severe hypomagnesemia — stimulate PTH secretion
Hypercalcaemia (inhibitory effect on PTH secretion via
CaSR activation), vitamin D excess (inhibitory effect on
PTH secretion via vitamin D receptor in parathyroid gland)
— inhibit PTH secretion

Vitamin D

Main sources of vitamin D are dietary (D, ergocalciferol) and
skin (via conversion of 7 dehydrocholesterol by UV light to D,
cholecalciferol).

D, and D, carried by D-binding protein to the liver and 25-
hydroxylated to 25(OH)D.

25(OH)D is subsequently 1-hydroxylated by 1-a-hydroxylase in
the kidney to 1,25(0H),,D (calcitriol).

Vitamin D has several functions:

Increases mineralisation and enhances osteoclast activity

in the bone
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= Increases Ca®> and phosphate (PO}") absorption in the
intestines
» Inhibits PTH secretion via vitamin D receptors in
the parathyroid gland; vitamin D deficiency — PTH
secretion — enhanced 1-a-hydroxylase activity — increased
1,25(0OH),D production
e Vitamin D 1l-a-hydroxylase activity is increased with hypocalcae-
mia, hypophosphatemia, and vitamin D deficiency/PTH secretion.

Hypocalcaemia

Introduction

e Hypocalcaemia can be spurious (due to hypoalbuminaemia) or
due to a change in ionised Ca*". For example, alkalosis increas-
es the binding of calcium to albumin and lowers the serum ion-
ized calcium concentration.

e (Ca? absorption in the gastrointestinal tract (GIT) is a selective
process — only 25% total dietary Ca** is absorbed under normal
conditions; calcitriol is the most important regulatory hormone
for Ca** absorption — calcitriol binds to vitamin D receptors in
the GIT — increases active transport of Ca*'; amount of dietary
Ca* intake regulates the proportion of GIT Ca** absorption

e Calcium reabsorption in the kidney is increased by extracellu-
lar volume contraction, hypocalcaemia, PTH, and PTHrP

= 50-60% in the proximal convoluted tubule

= 3-10% in the proximal pars recta of the loop of Henle

»  20-25% in the thick ascending limb of the loop of Henle
= 5-10% in the distal convoluted tubule

»  <2% in the collecting tubule

= 1-3% excreted
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Table 7.1:
High Plasma PO4*

Aetiology of Hypocalcaemia

Low Plasma PO43*- Others

1. Hypoparathyroidism 1. Post-parathyroidectomy 1. Hypomagnesaemia

— Post-surgical or hungry bone syndrome 2. Sequestration

— Post-radiation 2. Vitamin D deficiency — hyperphosphataemia

— Infiltrative disorders,
e.g., amyloidosis
— Congenital/hereditary
— Autoimmune
2. Pseudohypoparathyroidism
3. Pseudohypoparathyroidism
or Albright hereditary
osteodystrophy
— short neck

— malnutrition

— malabsorption, e.g.,
post-gastrectomy,
primary biliary
cirrhosis, intestinal
Ca? malabsorption

— Decreased 25 (OH) D
production e.g., liver
disease, anticonvulsant

e.g. rthabdomyolysis,
tumour lysis
syndrome, kidney
impairment

— acute pancreatitis

— round face — Decreased 1,25 (OH),
— short metacarpal Production e.g.,
— end-organ resistant to kidney impairment,

PTH
4. AKI or CKD

Type I vitamin
D-dependent rickets
— Resistance to calcitriol
(Type II vitamin
D-dependent rickets)

Abbreviations: AKI, acute kidney injury; CKD, chronic kidney disease; PTH, parathyroid hormone

Diagnosis
e Symptoms of hypocalcaemia
» Perioral/peripheral numbness/paraesthesia, muscle cramps/
carpal-pedal spasm/tetany
= Chvostek’s sign — twitching of the facial muscle upon
tapping the area innervated by the facial nerve

» Trousseau’s sign — carpopedal spasm during inflation of
blood-pressure cuff to above systolic pressure for 3 minutes
e History suggesting possible aetiology
= Previous thyroid, parathyroid, or neck surgery
= Previous neck radiation therapy

» Underlying autoimmune disorders
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History of renal impairment
History of GI surgery
History of obstructive jaundice, pruritus

History of steatorrhea +/— symptoms related to malabsorption
of other fat-soluble vitamins (e.g., vitamin A — night
blindness, vitamin K — bruising)

Risk factors — lack of sunlight, low dietary intake of
calcium and vitamin D

Family history

e Investigations

Serum calcium, phosphate, albumin
Tonised serum calcium

Serum magnesium

iPTH assay

25(0OH) vitamin D levels

Management

e Immediate management of hypocalcaemia

Address causes of acute respiratory alkalosis/
hyperventilation — if functional, breathing into paper bag

(CO, retention) may suffice.

Intravenous (IV) calcium gluconate 10% 10 mL infusion
administered rapidly over 10 minutes (as opposed to routine
infusion over 1 hour) in the event of severe, symptomatic
hypocalcaemia followed by additional doses subsequently;
calcium gluconate preferred to calcium chloride which can
lead to extensive skin necrosis in the event of accidental

extravasation.
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e Management of chronic hypocalcaemia

Post-meal per oral (PO) calcium supplements, administered

at least 2 hours away from meals, dose 14 g/day

Elemental calcium content of calcium carbonate (CaCO,)
is 40% whereas elemental calcium content of calcium
acetate is 25%

Correction of hypomagnesaemia
Vitamin D supplementation

Consider the use of thiazide diuretics

e Management of hypocalcaemia secondary to hypoparathy-

roidism

Activated vitamin D options include PO/IV calcitriol 0.25-
1.5 pg per day or PO/IV 1-a-hydroxycholecalciferol/alfacal-
cidol 0.25-3.0ug per day; need to monitor for hypercalcaemia/

hypercalciuria — nephrolithiasis/nephrocalcinosis

Consider the use of thiazide diuretics to reduce urinary

calcium concentration, in conjunction with salt restriction

and high fluid intake

Hypercalcaemia

Aetiology of hypercalcaemia

e Primary hyperparathyroidism (55%)

Parathyroid adenoma (>80% of cases of primary
hyperparathyroidism)
Parathyroid hyperplasia (10-15% of cases of primary
hyperparathyroidism)
Parathyroid adenocarcinoma (<5% of cases of primary

hyperparathyroidism)
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Multiple endocrine neoplasia (MEN) syndrome —
in particullar MEN-1 (parathyroid, anterior pituitary,
enteropancreatic, and other endocrine tumours; inactivating
germ-line mutations of a tumour suppressor gene with
autosomal dominantinheritance) and MEN-2A (parathyroid,
thyroid medulla, and adrenal medulla tumours; activating
mutations of the RET proto-oncogene with autosomal

dominant inheritance)

e Malignancy-related (35%)

Parathyroid hormone related peptide (PTHrP) — lung,
oesophagus, head and neck, renal cell, ovary, bladder

Bone metastases — local osteolysis — breast and multiple

myeloma

Ectopic production of 1,25-dihydroxyvitamin D - lymphoma

e Tertiary hyperparathyroidism (usually in the setting of end-

stage renal failure)

e Endocrine disorders — thyrotoxicosis, acromegaly, pheochro-

mocytoma

e Medications

Thiazide diuretics
Lithium
Calcium supplements (milk-alkali syndrome — usually

ingestions of large amounts of calcium carbonate, e.g.,

excessive use of antacids)
Vitamin D supplements

Vitamin A supplements

e Prolonged immobilisation

e Granulomatous disorders — sarcoidosis
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e Genetic disorders

Familial hypocalciuric hypercalcaemia (inappropriately
low urine calcium excretion in the setting of high-normal
serum calcium; inactivating mutations in the gene for
calcium sensing receptor (CaSR) with autosomal dominant
inheritance)

Jansen’s metaphyseal chondrodysplasia (rare skeletal
dysplasia disorder, “dwarfism”, mutations in the PTH

receptors with autosomal dominant inheritance)

Diagnosis

e Symptoms of hypercalcaemia (“painful bones, renal stones,

abdominal groans, and psychic moans”)

Musculoskeletal symptoms — generalised myalgia,
muscle weakness, bone pain; depending on underlying
aetiology — risk of osteoporosis and pathological fractures
Renal and urinary symptoms — flank pain, haematuria,
nocturia, polyuria, thirst; depending on underlying
aetiology — risk of nephrolithiasis and nephrocalcinosis

Gastrointestinal symptoms — mnausea, constipation,
abdominal pain; hypercalcaemia can lead to peptic ulcer

disease and pancreatitis

Neurological symptoms — headache, altered mentation
(confusion, somnolence, and rarely coma)
Electrocardiographic signs — in setting of severe