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Fighting the obesity epidemic has become an important 
target for many health programs in industrialised 
countries, but attempts to maintain persistent clinically 
significant weight loss by lifestyle interventions, 
behavioural therapy or medical treatment have not 
been very successful so far. Current research is mainly 
focused on unravelling the medical consequences of 
obesity. It aims to understand how excessive caloric 
intake and the resulting increased fat mass cause insulin 
resistance and other features of the metabolic syndrome. 
However, is studying the consequences of obesity the 
best choice to control the worldwide obesity problem? 
Based on our traditional medical thinking founded by 
Hippocrates, treatment of medical disorders should rely 
on an understanding of their underlying cause in addition 
to fighting their consequences. Would more knowledge on 
the cause of obesity, beyond the concept of excessive caloric 
intake and reduced energy expenditure, help us to treat our 
obese patients? 
In this issue, Hanno Pijl puts this challenge into a 
fascinating evolutionary perspective and proposes that 
we should explore evolution to understand the current 
obesity epidemic.1 He explains how a very early climate 
change enabled us to shift from carbohydrates to fish- and 
meat-based diets, in turn stimulating encephalisation. 
The resulting greater cognitive abilities stimulated access 
to high quality food even further, while seasonal food 
insecurity spurred the evolution of thrifty genes. The 
current rapid change in our habitat, driven by technology, 
exposes most of us to unlimited availability of calories, in 
particular in the form of refined sugars and saturated fat. 
Combined with a decreased necessity for physical activity, 
obesity almost seems a logical consequence. Still, not every 
adult is obese.

C H a n G e  i n  M a C r o n U t r i e n t  i n t a k e

Recently our understanding of the way by which the 
change in macronutrient intake affects body weight has 

increased significantly. Both in rodents and humans, a 
diet rich in saturated fat and sucrose (HF/HS) compared 
with a high fat (HF)- or high sucrose (HS)-only diet, affects 
appetite control by increasing the drive to eat.2,3 Moreover, 
HF/HS has more potent negative effects on glucose 
metabolism compared with HF or HS alone, irrespective 
of fat mass.4 This could be one explanation why the change 
in the composition of our daily food might promote insulin 
resistance and obesity. But what could be the underlying 
mechanism of the effect of an HF/HS diet on food intake 
and metabolism? The answer to this important question 
probably lies in our brain. The brain, especially the 
hypothalamus, is responsible for orchestrating our energy 
metabolism. Peripheral metabolic signals inform our brain 
on the actual energy status. The hypothalamus reacts by 
integrating signals for eating behaviour, anterior pituitary 
function, as well as the sympathetic and parasympathetic 
outflow to insulin-sensitive tissues including the pancreas. 
HF/HS diets induce a state of relative insensitivity to these 
peripheral signals,5 resulting in a hungry mediobasal 
hypothalamus reflected by elevated orexigenic signals, 
such as neuropeptide Y, a reduced insulin response and 
insulin resistance. Reducing the insulin response and 
inducing a state of insulin resistance reduces energy 
uptake in insulin-sensitive tissues and facilitates energy 
loss. Is this a way our body tries to get rid of the surplus 
energy? Perhaps, but then again storage of energy surplus 
in adipose tissue guarantees survival in times of food 
shortage. One might speculate that a threshold for optimal 
weight is present within each person. Trespassing this 
threshold will inevitably result in attempts to reduce 
further energy storage and to promote energy loss. From 
an evolutionary point of view, such weight boundaries 
make sense because both under- and overweight hamper 
fertility and mobility, putting us at risk to get caught by 
predators. Pijl proposes that insulin resistance may serve 
yet another purpose, i.e., to protect the brain from glucose 
deprivation. Although this would make sense in a lean 
fasting individual, insulin resistance in obese subjects 
is most explicit in the postprandial state when glucose 
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deprivation is least expected. However, an increase in free 
fatty acids (FFA) is present in both conditions, possibly 
reflecting a signal involved in insulin resistance. Despite 
a possible mechanism on how present-day HF/HS diets 
interfere with caloric intake and metabolic health, a clear 
hypothesis on why it is beneficial for survival to promote 
energy intake in the presence of HF/HS food is lacking at 
present. 
As discussed by Pijl, fat intake has shifted from 
unsaturated to saturated fat. Is this shift an additional risk 
for health and body weight homeostasis? Studies in rodents 
have shown that unsaturated fatty acids, but not saturated 
fatty acids, have an anorexigenic action by stimulating 
pro-opiomelanocortin (POMC) gene expression in the 
hypothalamus.6 In addition saturated fatty acids have a 
well-established negative effect on insulin signalling7 
besides a pro-inflammatory potential.8 Intake of saturated 
fat in combination with refined sugars (HF/HS) would 
thus induce a state of excessive caloric intake, insulin 
resistance and inflammation. It follows that many palatable 
foods are bad news for metabolic health. Food programs 
in schools should incorporate this knowledge, e.g., by 
excluding HF/HS snacks from the assortment.

C H a n G e  i n  e n e r G y  e x P e n d i t U r e

As pointed out by Pijl, the industrial revolution made our 
lives much easier as physical fitness was no longer required 
to guarantee availability of food. Energy expenditure 
related to physical activity on average accounts for 30 to 
50% of our daily energy expenditure. Increasing energy 
expenditure by performing regular physical activity sports 
will promote a zero energy balance. Current guidelines 
advocate 30 minutes of physical activity daily. If a man 
with a stable weight of 70 kg briskly walks for 30 minutes, 
seven days a week, his physical activity-induced increase 
in energy expenditure corresponds to 135 kcal x 7 = 945 
kcal/week or 49,140 kcal/year. When he refrains from this 
daily walk without adjusting his diet by minus 50,000 kcal 
yearly, he will gain approximately 6 kg every year. This 
simple example illustrates how much a small change in 
energy expenditure affects body weight. Still, the question 
why some subjects do not adjust their caloric intake while 
reducing energy expenditure remains unanswered and 
suggests that an unbalanced hypothalamic control of 
eating behaviour may be a major pathogenetic factor. 

G e n e s

Although a high percentage of adults is overweight and 
obese, the majority of adults fall within the optimal 
BMI range. These lean adults, living together with their 

obese peers in an obesogenic environment, deserve 
more scientific attention. What protects these adults 
from becoming obese? Moreover, why do not all obese 
subjects become diabetic despite the presence of excessive 
amounts of adipose tissue? Explaining differences 
between individuals always involves the issue of genetic 
susceptibility as well as epigenetic factors. As Pijl points 
out, most genetic variants established in populations 
with DM2 involve genes encoding for proteins involved 
in normal β-cell function. While polymorphisms in 
these genes may explain in part why an obese insulin-
resistant subject would become hyperglycaemic, the obese 
phenotype remains largely unexplained. Monogenetic 
causes of obesity are present (5 to 7%) in the minority of 
the obese population.9 Most of these mutated genes, such 
as those in the melanocortin 4 receptor, encode for proteins 
that are expressed in the hypothalamus and involved in 
appetite control. Genes undoubtedly play an important 
role in obese persons without these mutations, but until 
now their exact role and contribution remain unknown. A 
recent study in 250,000 individuals confirmed 14 known 
obesity susceptibility loci and identified 18 new ones, but 
the combined effect on BMI of these loci was only modest 
and accounted for only 6 to 11% of the genetic variation 
in BMI.10 As a consequence, whether the thrifty genes 
hypothesis can explain the 21st century’s prevalence of 
obesity remains speculative at this stage. 

t r e a t M e n t  o P t i o n s ?

The most logical treatment of obesity is to reduce caloric 
intake and increase energy expenditure. Since abandoning 
the Western lifestyle is illusive and manipulating appetite 
control has proven to be extremely difficult, reducing 
energy intake by a combination of decreasing the physical 
ability to consume large quantities of food and reducing 
the uptake of calories seems to be the most promising 
strategy. Indeed, bariatric surgery has proven to be the 
sole effective therapy in the long term, especially when 
restrictive and malabsorptive surgery is applied.11 
Increasing energy expenditure by implementing more 
physical activity in daily life is another utopistic view 
on how to treat obesity. Increasing energy expenditure 
by designing agents which are able to uncouple energy 
need from energy production theoretically would be an 
interesting option. Finally, replacement of saturated fat 
by unsaturated fat by manipulating food (including meat) 
through genetic techniques or by adding metabolically 
active compounds might be a fruitful strategy. 

In summary, our environment has changed dramatically 
resulting in the continuous availability of high caloric 
food as well as a reduction in daily energy expenditure. 
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For a growing percentage of children and adults, this 
environment promotes obesity and a metabolically 
unhealthy state. The reason why we do not adapt to our 
current environment as would be expected from an 
evolutionary point of view could be because it changed so 
fast that our genes couldn’t keep up with it. Until we have 
adapted to our new environment, rigorous and rather crude 
interventions such as bariatric surgery seem to be the only 
way of reducing obesity-related morbidity and mortality.
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a b s t r a C t

this paper delineates the evolutionary background of the 
unprecedented epidemic of obesity that has evolved over 
the last century. some two million years ago, a change of 
climate in the habitat of our primate ancestors triggered 
dietary adaptations which allowed our brain to grow. a shift 
from principally carbohydrate-based to fish- and meat-based 
eating habits provided sufficient fuel and building blocks 
to facilitate encephalisation. insulin resistance may have 
evolved simultaneously as a means to avert the danger of 
hypoglycaemia to the brain (in view of the reduction of 
carbohydrate intake). ensuing cognitive capacities enabled 
the control of fire and the manufacturing of tools, which 
increased energy yield from food even further and eased 
the defence against predators. the latter development 
relieved the selective pressure to maintain an upper level of 
bodyweight (driven by predation of overweight individuals). 
since then, random mutations allowing bodyweight to 
increase spread in the human gene pool by genetic drift. 
also, (seasonal) food insecurity in hunter-gatherer societies 
spurred the evolution of thrifty genes to maximise nutrient 
intake and energy storage when food was available. the 
agricultural and industrial revolutions rapidly changed our 
habitat: virtually unlimited stocks of (refined) foodstuffs 
and mechanical substitutes of physical efforts push up 
energy balance, particularly in those of us who are still 
adapted to former environmental conditions: i.e. who carry 
thrifty genes and lack (genetic) protection against weight 
gain. intrauterine epigenetic mechanisms potentially 
reinforce the impact of these genes on the propensity to 
grow obese.

“Thus, from the war of nature, from famine and death, the 
most exalted object which we are capable of conceiving, namely, 
the production of the higher animals, directly follows.” (Charles 
Darwin in: On the Origin of Species, 1859)

k e y W o r d s

History, insulin resistance, predation release, thrifty genes, 
type 2 diabetes mellitus 

i n t r o d U C t i o n

Currently, the World Health Organisation (WHO) 
estimates more than one billion people worldwide to be 
overweight, of whom at least 300 million are obese.1 This is 
particularly worrisome, because obesity increases the risk 
of various chronic diseases, i.e. cardiovascular disease, type 
2 diabetes mellitus and certain forms of cancer.1 Therefore, 
the WHO and other non-governmental organisations have 
called for global action to prevent further escalation and 
reduce the number of obese people.2

It is of primary importance for the prevention and 
treatment of any disease to understand its root cause. 
Although hominid artifacts supposedly depicting obese 
humans date back as far as 500,000 years,3 the current 
epidemic has evolved over the last one hundred. Why 
is that? Clearly, the industrial revolution plays a major 
role: motorised labour and transportation, in concert 
with the availability of virtually unlimited amounts of 
food in (Western) societies marked by technical and 
socioeconomic progress, push energy balance upward in 
many individuals. In fact, given these developments, the 
appropriate question is not why so many people are obese, 
but why so many of us appear to escape this physical fate.
This paper delineates the biological and social 
underpinnings of the obesity epidemic from an 
evolutionary point of view. Climate change and ensuing 
dietary adaptations profoundly influenced the development 
of our brain, which probably permitted two recent events 
triggering the current epidemic of metabolic disease 
to occur: the agricultural and industrial revolutions. 
Although the technical breakthroughs that facilitated 
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these socioeconomic upheavals doubtlessly contribute to 
the bodyweight increase of contemporary homo sapiens, 
it is very important for the development of prevention and 
treatment strategies to bear in mind that biological features 
of our species also play their part.

t H e  e a r l y  d a y s :  e V e n t s 
f a C i l i t a t i n G  b r a i n  G r o W t H

The story begins some four to six million years ago. 
Our primate ancestors lived in the woods of Eastern 
Africa (Tanzania, Kenya, Ethiopia). Their diet primarily 
comprised leaves, roots, fruits and nuts at the time.4 Thus, 
the main macronutrient we consumed was carbohydrate. 
Approximately two million years back, the climate in 
Eastern Africa changed profoundly (it became dryer 
and colder), which had a major impact on our habitat. 
Forests disappeared and were replaced by arid grasslands, 
inhabited by herbivore game (and large predators).5 These 
ecological changes provided an excellent opportunity for 
our hominin ancestors with sufficient capability to exploit 
animal resources. Archaeological and anthropological 
evidence strongly suggests that we ultimately moved to 
these grasslands and coastlines, attracted by much higher 
quality food6,7: from then on proteins and unsaturated 
fatty acids (from game and fish) were abundant in our diet, 
comprising some 50 to 60% of intake on a percentage of 
total calories basis.7,8 This dietary change in turn allowed 
a crucial event in our evolutionary history to occur: the 
growth of our brain. There are at least two reasons why 
this particular change of food habits was essential for our 
brain to be able to grow: first, unsaturated fatty acids are 
essential building blocks of neural tissue. Approximately 
50 to 60% of the human adult brain is made up of lipids,9 

of which nearly one third are polyunsaturated, primarily 
arachidonic acid and docosahexaenoic acid.10 Second, our 
brain is extremely expensive in terms of energy costs: it 
consumes >20% of total resting expenditure.11,12 Energy 
yield from far more nutrient dense fish and meat is much 
higher than from (structural) plant components (e.g. bark, 
mature leaves).13 The growth of our brain was probably 
essential for our intellectual development. In due course 
we learned how to control fire (first evidence dates back 
some 800,000 years.14 Heating of food improved energy 
yield even further, as it clearly facilitates digestion.15

Notably, these biological and cultural developments merely 
allowed the brain to grow; they do not explain why it did. 
Various theories address the latter issue. For example, it 
has been proposed that intellectual development increased 
survival among hominids exploiting the complicated 
nutritional niche of hunting and gathering. It requires 
tools, social strategies and memory to effectively catch prey 

in open grasslands and forage for ripe fruits and nuts in 
continuously changing seasons and environments. Chance 
changes in brain morphology, intensifying neuronal 
number and connectivity (thereby promoting intelligence), 
may therefore have conferred a survival advantage on 
our hominin ancestors.16 In addition, the use of tools 
and social interactions per se may have spurred neural 
development.17 One other possibility I would like to put 
forward here is that we needed our intellect to escape 
from predators in open grasslands. Our species does 
not have powerful physical tools at its disposal to ward 
off life-threatening attacks by predators. Climbing trees 
or quickly getting away in an underground refuge are 
alternative means to escape which do not particularly fit 
with our physique either. Attacks by predators probably 
posed a major threat to our ancestors until technical 
(stone tools, fire control) and social (coordinated defence 
strategies) developments quite significantly facilitated 
survival.18,19 Conceivably, growing intellectual capacity, as 
a function of neural connectivity, was a prerequisite for the 
emergence of these adaptations which clearly conferred 
a survival advantage. Therefore, hominids with larger 
brains harbouring extensive neural networks (i.e. greater 
intellectual capacity) may have survived more often than 
those with smaller brains.

t e n  t H o U s a n d  y e a r s  b a C k :  
t H e  a G r i C U l t U r a l  r e V o l U t i o n

Perhaps also as a result of intellectual progress, our 
ancestors became adventurous and migrated out of 
Africa for the first time some 1.8 million years ago (the 
precise timing of this event is hotly debated by the way). 
The majority of migrants moving away during this first 
out-of-Africa exodus ended up in Asia. Their offspring 
finally became extinct only recently (100,000 years back).20 
A second exodus, approximately 800,000 years ago, 
primarily landed in Europe, bringing forth (among others) 
the Neanderthal species which died out some 20 to 30 
thousand years back.20 Finally, during the third and last 
exodus which populated the world as it is today, people 
accidentally passed by the fertile grounds of the land of the 
Euphrates and Tigris rivers, including significant territory 
of modern-day countries such as Egypt, Iraq, Syria, 
Jordan, Lebanon, Israel, Iran and Turkey. The geophysical 
and climate characteristics of this region pre-eminently 
enabled the natural occurrence of the wild progenitors 
of the Neolithic founder crops (cereals, legumes and 
flax) and four of the five most important domesticated 
animals (cows, goats, sheep, and pigs). Because of these 
favourable environmental conditions, the so-called Fertile 
Crescent became the birthplace of modern agriculture 
and stock-breeding some 10,000 years ago.21 Independent 
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development of agriculture occurred somewhat later in 
China, the African Sahel region, New Guinea and several 
areas in the Americas.21

The advent of agriculture profoundly affected 
the composition of our diet. As outlined above, 
hunter-gatherers thrived on a mix of carbohydrates, 
proteins and (unsaturated) fatty acids for millions of years. 
It is important to note that there has not been one universal 
diet consumed by all hunter-gatherer communities. Rather, 
as suggested by studies of contemporary hunter-gatherer 
tribes22 and commonsense, the availability of food 
depended on geographic locale and climate conditions. 
Humans evolved as veritable omnivores, although it 
seems likely that >50% of hunter-gatherer subsistence 
comprised animal food.8 However, various types of food 
cannot have been consumed on a regular basis before the 
advent of agriculture and animal husbandry. Agriculture 
in essence reintroduced carbohydrate as the principal 
macronutrient. Agricultural produce primarily contains 
carbohydrate; it partially supplanted hunter-gatherer 
protein and (unsaturated) fatty acid in our diet. Moreover, 
animal husbandry introduced dairy and promotes the 
consumption of saturated instead of unsaturated fat. 
The latter is for two reasons. First, cattle meat partially 
replaced fish in our diet and fish is an important source of 
unsaturated fatty acids. Second, the dominant fatty acids 
in adipocytes of wild mammals are saturated, whereas 
muscle and other tissues primarily contain polyunsaturated 
(PUFA) or monounsaturated fatty acids (MUFA).23 Because 
subcutaneous and abdominal adipose stores are depleted 
during most of the year in wild animals, PUFA and MUFA 
constitute most of their total carcass fat.23 The advent of 
animal domestication and stock breeding attenuated the 
(seasonal) depletion of (saturated) fat stores by year round 
feeding of stored plant foods. Therefore, cattle harbour 
much more saturated fat when domesticated than in the 
wild. Also, it became feasible to slaughter animals at peak 
body fat percentage.

How did these recent dietary changes affect our health? 
Almost all evidence indicates that it deteriorated. Average 
adult height declined substantially after the advent of 
agriculture.24 Moreover, studies of bones and teeth show 
that the advent of agriculture coincides with a higher 
incidence of osteoporosis, rickets, caries and various other 
mineral and vitamin-deficiency disorders.25,26 Finally, 
undisputed evidence indicates that the size of our brain is 
currently shrinking for the first time in our evolutionary 
history (perhaps because of a lack of unsaturated fatty acids 
for build up and maintenance), albeit in parallel with the 
decline of bodyweight and height.27 
So how is it that agriculture turned out to be so successful? 
Agrarian societies rapidly conquered the world, while 

hunter-gatherers vanished either by defeat or by voluntary 
adoption of farming as a way of life.21 Agriculture enabled 
us to settle down at a fixed spot: we were no longer 
dependent on local (un)availability of food forcing us to 
move on to other areas to hunt and gather. This allows 
the number of offspring to increase, because mothers 
are no longer obliged to carry their children around 
in continuous search of foraging areas (it is feasible to 
simultaneously carry one or perhaps two children at the 
very most). Building more robust accommodation and 
fenced villages facilitated defense against predators and 
hostile congeners. Predation and violence were major 
threats in hunter-gatherer times, although earlier social 
developments had significantly abated the danger of violent 
death (see above).18,19 Furthermore, agriculture allowed 
rapid evolution of knowledge-based societies: only a few 
members of the community could maintain food security 
for all, the rest had plenty of time to focus on innovation. 
In sharp contrast, hunter-gatherers were obliged to 
collectively forage for food during a considerable part of 
the day. As communities grew, (political) organisation 
substantially reinforced their capacity to withstand hostile 
threats and successfully embark on campaigns to expand 
territory.21 Clearly, these social corollaries of agriculture 
provided powerful benefits which explain its rapid 
world-wide scattering.

Overweight and obesity were probably exceptional for 
thousands of years after the advent of agriculture, although 
famous statuettes of obese individuals such as the Venus 
of Willendorf date back even further. Also, Hippocrates 
recognised the dangers of overweight some 2400 years 
ago: ‘It is very injurious to health to take in more food than 
the constitution will bear, when, at the same time one 
uses no exercise to carry off this excess…. For as aliment 
fills, and exercise empties the body, the result of an exact 
equipoise between them must be to leave the body in 
the same state they found it, that is, in perfect health.’28 
Obesity predominantly occurred among members of the 
upper social class, who had continuous access to food 
and usually performed intellectual duties not requiring 
physical activity.28 In this context it is vital to bear in mind 
that food shortage as a result of failed harvest, particularly 
affecting the man in the street, was fairly common in 
pre-industrial societies.29

r e C e n t  d e V e l o P M e n t s :  t H e 
i n d U s t r i a l  r e V o l U t i o n 

In the late 18th century, major technological developments 
in the United Kingdom foreshadowed worldwide 
socioeconomic and cultural changes which signify a 
third turning point in human history. Machine-based 
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manufacturing and farming, enabled by spectacular 
progress in the field of fuelling, dramatically increased 
(agricultural) production capacity. Moreover, it became 
far more feasible to store food safely for longer periods 
of time. For the first time in history, nutrients were 
available for all (in those parts of the world profiting from 
the developments). Also, motorised labour and transport 
pre-empted physical efforts. Childhood mortality declined 
significantly (for various reasons). The world’s population 
grew almost sixfold since the early 1800’s.30

As a corollary of these advancements, the industrial 
revolution had a major impact on human energy balance 
equations. Reliable data documenting calorie intake are 
scarce, in particular for food consumption during the 
19th and early 20th century. However, commonsense tells 
us that average intake must have increased substantially. 
The Food and Agriculture Organization (FAO) of the 
United Nations reports a continuing increase of total 
daily calorie consumption by 20 to 25% across the world 
since 1960.31 Data from the US confirm the substantial 
increase of per capita calorie intake over the last 30 
years.32 Perhaps even more important, dietary composition 
also changed considerably: cereals were highly refined 
by mechanised mills; refined sugars were introduced 
and consumed on an ever-growing scale; sodium intake 
increased dramatically, whereas potassium intake declined; 
micronutrient density declined whereas calorie density 
increased; fibre content fell substantially; and saturated fat 
replaced (poly)unsaturated (table 1) (for an excellent review 
see Cordain et al.33).

Concurrently, our environment was deliberately designed 
to minimise the requirement for physical activity. 
Although reliable methods to quantify total daily energy 
expenditure are only just emerging, the secular decline 
in physical activity is obvious. Motorised labour and 
transport have profoundly suppressed calorie needs.34,35 
Finally, advancements in heating technology and clothing 
effectively protect us against the nuisance of cold weather, 
which substantially diminishes the energy requirements 
for adaptive thermogenesis.36,37

The consequences of these lifestyle changes for our 
energy balance and health are easy to contain. Indeed, 
when contemporary hunter-gatherer societies adopt the 
‘Western’ way of life, obesity, diabetes and atherosclerosis 
become commonplace.38-40 Conversely, temporary reversal 
of westernisation (by living as hunter-gatherers in their 
traditional country for seven weeks) essentially cures 
type 2 diabetes in obese Australian Aborigines.41 In fact, 
the obvious question is why so many people maintain 
metabolic health in the face of the current environmental 
‘challenges’. The answer to this question is not entirely 
clear. I will briefly address four important hypotheses 
trying to explain this enigma. 

t H e  t H r i f t y  G e n e  H y P o t H e s i s

In the early 1960s, James Van Gundia Neel, a pioneer in 
the study of human genetics, launched his ‘thrifty gene 
hypothesis’,42 which still dominates thinking about the 
biological roots of obesity and diabetes. Neel was one 
of the first to recognise the important role of genes in 
the pathogenesis of these ailments. His hypothesis is 
founded on the basic premise that genes which are part 
of the (human) gene pool must have had survival benefits 
in evolutionary history. Neel specifically proposed that 
a genetically determined excessive insulin response to 
nutrient ingestion would minimise the loss of precious 
glucose in harsh times of food scarcity. Hyperinsulinaemia 
would effectively promote storage of ingested calories. 
Overalimentation in modern times would result in plasma 
insulin levels that elicit ‘insulin antagonism in plasma’ 
as proposed by Vallance-Owen and colleagues,43 and 
thereby cause diabetes. As other laboratories could not 
confirm the existence of circulating insulin antagonists, 
the original physiological basis of the hypothesis collapsed, 
which led Neel to revisit his reasoning in regard to the 
mechanistic link between the obese diabetic genotype and 
phenotype. Complex adaptive genetic traits would compile 
multi-faceted endocrine systems designed to retain 
calories in times of famine.44 The genes involved ‘are very 
predominantly fine old genes with, of course, some allelic 
variation, honed by millennia of selection for harmonious 

table 1. Major differences in food components 
of modern-day humans as compared with our 
hunter-gatherer ancestors

Contemporary vs. hunter-gatherer

Calorie intake  ↑

Physical activity ↓ ↓

Dietary composition

Total carbohydrates:   ↑

 refined carbohydrates  ↑  ↑

 fibres ↓ ↓

Total protein ↓

Total fat: ~

 PUFA ↓ ↓

 w-6:w-3    ↑  ↑

 SFA    ↑  ↑

Micronutrients: ↓

 sodium    ↑  ↑

 potassium ↓

PUfa = polyunsaturated fatty acids
sfa = saturated fatty acids
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interactions and appropriate epigenetic relationships, the 
proper function of which is overwhelmed by extraneously 
imposed parameters of very recent origin’.44

Neel’s genetic premise still holds. There is widespread 
consensus that genes determine the variation in 
bodyweight and body fat distribution in a given (social) 
environment for at least 50 to 70%.45,46 Genes are also 
involved in the pathogenesis of type 2 diabetes mellitus 
(DM2), although all single nucleotide polymorphisms 
(SNP) known to be associated with DM2 to date add only 
marginally to risk prediction by conventional factors.46,47 
Monogenetic forms of either disease are well known, but 
complex genetic traits predispose to metabolic disorder 
in the vast majority of patients.46 The mechanistic links 
between genotype and phenotype of both ailments remain 
largely unknown. However, it is remarkable that all 
monogenetic defects causing human obesity known to date 
disrupt hypothalamic circuits that control food intake.48 
Therefore, although it is often assumed that genetic 
factors underlying obesity affect metabolic rate or selective 
partitioning of excess calories into fat, current evidence 
suggests that genetic determinants of satiety and food 
intake are likely to be at least as important. The precise 
biological correlates of the majority of DM2 SNPs are not 
known, but many of them map close to genes expressed 
in the islets of Langerhans and/or are associated with 
β-cell dysfunction.46,49 Inasmuch as the pathophysiology 
of DM2 is marked by dual defects of insulin secretion and 
action,50 it is likely that the genes which predispose to DM2 
(given the current affluent conditions) control the extent to 
which β-cell function can be maintained in the face of (also 
heritable, see below) insulin resistance.
Thus, the thrifty gene hypothesis proposes that those of 
us carrying a hereditary taint to efficiently harvest and/
or store calories are the ones who run the greatest risk to 
grow obese in contemporary industrialised living climates. 
These genes conferred survival advantage in ancient 
times characterised by (seasonal) food insecurity. There is 
general consensus that genes play an important role in the 
pathogenesis of metabolic disease. Various alleles related 
to obesity are widespread among the population.51 I also 
think that most evolutionary biologists still tend to agree 
with the conceptual underpinning of Neel’s hypothesis. In 
keeping with his revised mechanistic explanation, obesity 
is caused by the concerted effects of multiple gene products 
in the vast majority of patients. However, in sharp contrast 
to Neel’s original idea about the pathogenesis of DM2, 
mutations predisposing to this disease appear to hamper 
β-cell function. These alleles could probably spread in the 
gene pool, because there has never been selection pressure 
on β-cell capacity. Current environmental conditions (i.e. 
unlimited availability of food, particularly refined sugars) 
and (obesity associated) insulin resistance challenge β-cell 
function to an unprecedented extent, leading to failure in 

those of us with functional capacity in the lower range of 
the boundaries compatible with life.

t H e  P r e d a t i o n  r e l e a s e 
H y P o t H e s i s

I will just briefly summarise John Speakman’s intriguing 
ideas explaining the epidemic of obesity in modern 
societies, because he elaborately outlined his novel 
hypothesis recently in an excellent paper.19 The interested 
reader will find all relevant references in this paper. 
In essence, Speakman argues that there is insufficient 
evidence to support the notion that our ancestors have been 
exposed to perils of famine sufficiently severe for thrifty 
genes to propagate. Moreover, he puts forward that strong 
selection for thrifty genes would predict hunter-gatherers to 
grow fat in between epochs of famine, and various studies 
of contemporary hunter-gatherer societies do not report 
such weight gain. Finally, he asserts that any postulate 
involving thrifty genes as a root cause of obesity cannot 
explain the fact that so many people maintain normal 
bodyweight in the current environment, as such genes 
spread widely in the gene pool when given sufficient 
time to propagate. As an alternative, Speakman suggests 
that ancient genes controlled bodyweight within narrow 
limits, with mutations causing obesity selected against 
by the risk of predation. As mentioned earlier, predation 
posed a major threat to our hominid ancestors, and obese 
individuals must have been easy and attractive targets 
for obvious reasons (i.e. less mobile, more calories to 
consume). Some one million years ago, humans evolved 
social strategies to ward off predators. Furthermore, the 
control of fire and stone tools that could be used as weapons 
quite significantly facilitated the defence against lethal 
attacks. These developments relieved the selective pressure 
to maintain bodyweight below an upper setpoint. Since 
then, random mutations allowing bodyweight to increase 
were no longer removed from the gene pool and spread 
gradually through genetic drift. When food is available 
in virtually unlimited quantities and physical activity no 
longer required to meet the necessaries of life, bodyweight 
can grow unabatedly in those of us afflicted. The fact that 
the mutations spread through random drift rather than 
directed selection explains why so many people maintain a 
normal weight despite current environmental conditions.

f o e t a l  o r i G i n s  o f  a d U l t  o b e s i t y

Barker and colleagues were the first to recognise that 
intrauterine conditions have a major impact on adult 
health.52 Geographical studies demonstrated that 
contemporary rates of death from coronary heart disease 
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were closely associated with death rates among newborn 
babies in the past. Death among newborns was almost 
invariably attributed to low birth weight. The finding 
spurred scientific interest in the effects of the intrauterine 
environment on adult (metabolic) disease. Foetal and 
neonatal growth are marked by extraordinary plasticity, 
allowing intrinsic and environmental factors to impact 
on development so as to optimally adapt the offspring’s 
phenotype to current environmental conditions. A huge 
body of evidence now supports the view that foetal 
nutrition shapes its metabolic phenotype through 
epigenetic modification of gene expression.53 Intrauterine 
conditions affect gene expression through histone 
modification and methylation of DNA, which is heritable 
but does not bear on mutation of DNA itself (hence the 
term ‘epigenetic’).54 It has now been firmly established 
that maternal overweight and elevated plasma levels of 
glucose and triglyceride levels are strongly predictive 
of foetal and neonatal fatness and body mass index 
of offspring at 8 years of age.55 The precise epigenetic 
mechanisms involved are not known, but may relate to 
transcriptional modification of metabolic and behavioural 
gene pathways by in utero exposure to excess maternal 
lipids.55 Conversely, and paradoxically, female (but not 
male) offspring of mothers exposed to famine during 
gestation in the Dutch ‘Hongerwinter’ are also obese at 
middle age.56 The impact of foetal malnutrition on adult 
obesity was recently confirmed by a study among children 
whose mothers were undernourished during the Biafran 
civil war famine.57

The currently available data documenting the epigenetic 
origins of obesity allow for a model of its pathogenesis 
assuming the primacy of recent environmental changes. 
In particular, they imply that both parental obesity and 
nutritional deficits during gestation inheritably adapt 
foetal gene expression profiles so as to predispose the 
offspring to excessive weight gain. In this context, obesity 
does not necessarily involve genetic predisposition. Rather, 
environmental cues affecting food intake (e.g. aggressive 
advertising of foodstuffs) may induce parental metabolic 
changes, which alter gene expression profiles in their 
offspring so as to produce an inheritable trait predisposing 
to weight gain in subsequent generations. However, 
epigenetic mechanisms may obviously also cooperate 
with genetic traits to reinforce pathogenetic mechanisms 
underlying obesity.

t H e  C a r n i V o r e  C o n n e C t i o n : 
P U t t i n G  i n s U l i n  r e s i s t a n C e  i n 
e V o l U t i o n a r y  P e r s P e C t i V e

Insulin facilitates glucose and amino acid uptake in muscle 
and adipose tissue. It also promotes incorporation of 

fatty acids in adipose triglycerides. Conversely, it inhibits 
glucose and triglyceride production by the liver.58,59 Thus, 
the postprandial rise of circulating insulin levels effectively 
clears ingested nutrients from the blood. Consequently, 
insulin resistance hampers postprandial disposal of 
glucose, (branched-chain) amino acids and fatty acids 
and promotes (postprandial) hepatic glucose output and 
triglyceride production. Therefore, insulin resistance is 
associated with a cluster of metabolic anomalies, including 
hyperglycaemia, hypertriglyceridaemia, low plasma 
HDL-cholesterol levels (directly linked with increased 
circulating VLDL-triglyceride levels), hypertension and 
abdominal obesity,60 often referred to as the ‘metabolic 
syndrome’. Essentially, insulin resistance hampers the 
use of glucose for fuel by peripheral tissues, saving it 
for the brain to combust. It provides even more glucose 
to the brain by simultaneous promotion of endogenous 
glucose production (with circulating amino acids and 
glycerol as precursors of gluconeogenesis). In sync, it 
supplies other tissues with fatty acids as an alternative fuel. 
The pathogenesis of insulin resistance involves complex 
gene-environment interactions.61 What evolutionary 
pressures have pushed the widespread dissipation of the 
genes involved?
As pointed out earlier, our ancestor’s dietary composition 
switched from primarily carbohydrate based to protein 
rich some two million years ago in response to a climate 
change in Eastern Africa.4,7,62 Our brain chiefly relies on 
glucose for its energy requirements and cerebral energy 
consumption at physical rest amounts to a striking 25% 
of total bodily expenditure.11,12 Thus, the dietary change 
simultaneously allowed the brain to grow (by provision 
of unsaturated fatty acid and energy) and created a direct 
threat to brain health and survival: glucose deprivation. 
Seventeen years ago, Jeanette Brand Miller and Stephen 
Colagiuri proposed that insulin resistance developed 
to overcome this environmental threat.62,63 It is quite 
conceivable that insulin resistance conferred a survival 
benefit particularly in winter when food was scarce for 
hunter-gatherers: effective partitioning of precious glucose 
towards the brain may have been critical for maintenance 
of brain health. In this context, the seasonal cycling of fat 
storage (hoarding in summer in preparation for winter 
time) that marks wild mammals,33 probably including 
hominid hunter-gatherers, is of mechanistic interest: 
adipose tissue plays a major role in the pathogenesis of 
insulin resistance.64

The agricultural revolution reintroduced carbohydrates 
as the dominant macronutrient in our diet. Subsequent 
industrialisation made food continuously available to the 
majority of the population and catapulted the consumption 
of refined sugars. In these circumstances, insulin 
resistance is no longer an asset. In contrast, it elevates 
blood glucose levels and predisposes to DM2.
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s U M M a r y  a n d  P e r s P e C t i V e

Three major events in our evolution presaged the current 
epidemic of obesity and type 2 diabetes. Approximately 
two million years ago geophysical and climate changes 
in Eastern Africa triggered dietary adaptations that 
allowed the growth of our brain. A shift from principally 
carbohydrate-based to protein- and unsaturated fatty 
acid-rich food provided sufficient fuel and building 
blocks to facilitate encephalisation. Insulin resistance 
may have evolved simultaneously as a means to avert 
the danger of hypoglycaemia to the brain. Also, thrifty 
genes maximised food intake and energy storage when 
available and technical and social progress relieved 
the selective pressure to maintain an upper level of 
body weight. Ensuing intellectual capacities enabled 
two very recent developments that shaped our society 
of today: the agricultural and industrial revolutions. 
These socioeconomic landslides changed environmental 
conditions so quickly that many of us are not yet 
physically adapted. Reintroduction of carbohydrate as 
the predominant macronutrient, availability of virtually 
unlimited stocks of refined foodstuffs and mechanical 
substitutes of physical efforts render those of us who are 
genetically designed to survive in harsh circumstances 
particularly susceptible to obesity and type 2 diabetes 
mellitus.
It is of critical importance for the design of preventive 
measures to bear in mind that we have built our society 
as it is for good reasons: our recent evolutionary history of 
seasonal food insecurity strongly drives our inclination to 
maximise food stocks and consume if food is available as 
well as our tenor to sit still (and spare energy) as soon as 
the circumstances allow us to do so. These biological assets 
are obviously meaningless and even hazardous today. 
Although obesity and insulin resistance diminish human 
fecundity,65 it will probably take thousands if not millions 
of years of genetic drift to deplete the gene pool, inasmuch 
as evolutionary pressure to eliminate these traits will be 
relatively insignificant, because the adverse consequences 
generally arise well into reproductive age. Moreover, 
modern medical technology can assist obese patients to 
reproduce. In this respect, the currently evolving epidemic 
of childhood obesity may have quite different effects.
Darwin’s lessons are as meaningful as ever. For any 
preventive or therapeutic strategy focussing on obesity and 
diabetes to be truly effective, it is imperative to consider the 
evolutionary underpinnings of the problem. In particular, 
we need to understand that our behaviour and metabolism 
are driven by strong evolutionary roots. In view of the 
biological power of these roots, I am convinced that simply 
informing the public about the dangers of our behaviour 
and the potential solutions will yield only marginal results. 

Rather, we have to think of reasonable ways to curb our 
instincts nolens volens, or accept that nature will probably 
take a very long time to help us overcome the current 
epidemic.
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a b s t r a C t

acute myeloid leukaemia (aMl) is a heterogeneous disease 
characterised by clonal malignant haematopoiesis with 
a differentiation arrest and excessive proliferation of 
leukaemic blasts. over the past decades, the heterogeneity 
of aMl has been illustrated by evolving classifications 
based on morphology (french-american-british 
classification (fab classification), cytogenetic abnormalities 
(e.g. t(8;21), monosomies etc.), phenotype and/or molecular 
abnormalities (e.g. fms-like tyrosine kinase 3 gene 
internal tandem duplication (FLT3-itd), mutations in 
nucleophosmin 1 (NPM1) and the transcription factor 
CCaat/enhancer binding protein a (CEBPA), etc.). 
the current World Health organisation (WHo) 2008 
classification has integrated these classification modalities. 
Clinically, dissection of aMl into various subtypes allows 
better survival prediction, but has still limited impact 
on treatment strategies, with the exception of all-trans 
retinoic acid treatment for aMl-M3 and no allogeneic 
haematopoietic cell transplantation in complete remission 
(Cr1) for patients with normal karyotype bearing an 
NPM1 mutation without FLT3-itd. However, enhanced 
understanding of the molecular biology of aMl will 
likely result in more ‘tailor-made’ therapies, for example 
by adding specific tyrosine kinase inhibitors to standard 
chemotherapy. 
in this review, we summarise the variables currently 
used to classify aMl. specifically, the contribution of 
microarrays in classification, prognosis and understanding 
of pathobiology of aMl is discussed. 

k e y W o r d s

Acute myeloid leukaemia, gene expression profiling, 
microarray, prognostic factors

i n t r o d U C t i o n

A C U T E  M Y E L O I D  L E U K A E M I A

Acute myeloid leukaemia (AML) is defined as a clonal 
disorder caused by malignant transformation of a bone 
marrow-derived, self-renewing stem or progenitor cell, which 
demonstrates an enhanced proliferation as well as aberrant 
differentiation resulting in haematopoietic insufficiency 
(i.e. granulocytopenia, thrombocytopenia or anaemia).1,2 
The clinical signs and symptoms of AML are diverse and 
nonspecific, but they are usually directly caused by the 
leukaemic infiltration of the bone marrow, with resultant 
cytopenia.2 AML is considered to be a heterogeneous 
group of disorders with variable underlying abnormalities 
and clinical behaviour, including responses to treatment. 
Therefore, classification of the disease is important and 
several classification systems exist to subdivide AML. 

fab classification
Historically, AMLs were divided into subtypes based on 
the type of cell from which the leukaemia developed and 
the level of maturation (i.e. French-American-British 
(FAB) classification).1-3 In addition, cytogenetic analysis 
of leukaemic blasts has resulted in the identification of 
non-random clonal chromosomal aberrations, of which 
some have been correlated to specific FAB subtypes (e.g. 
t(15;17) with AML-M3).

WHo classification
Nowadays, the World Health Organization (WHO) provides 
a classification system in which morphology, cytogenetics, 
molecular genetics, and immunological markers are 
incorporated and interrelated.4 Recently, for the first 
time, specific gene mutations (i.e. mutations in CEBPA 
and NPM1) have been included as ‘provisional entities’ in 

r e V i e W

Gene expression profiling in acute myeloid 
leukaemia

H.J.M. de Jonge1,2*, G. Huls2, E.S.J.M. de Bont1*

1Division of Paediatric Oncology/Haematology, Department of Paediatrics, Beatrix Children’s Hospital, 
2Department of Haematology, University Medical Centre Groningen, University of Groningen, 

Groningen, the Netherlands, *corresponding authors: tel.: +31 (0)53 61 41 46,  
fax: +31 (0)53 61 42 35, e-mail: e.s.j.m.de.bont@bkk.umcg.nl or h.j.m.de.jonge@int.umcg.nl



168

a p r i l  2 0 1 1 ,  v o l .  6 9 ,  n o  4

De Jonge, et al. Gene expression profiling in acute myeloid leukaemia.

the revised WHO 2008 classification for AML.5 There is 
growing evidence that these two gene mutations represent 
primary genetic lesions (so-called class II mutations) that 
impair haematopoietic differentiation.6 Mutations in the 
fms-related tyrosine kinase 3 (FLT3) gene (e.g. FLT3-ITD 
or FLT3 kinase domain mutations) are considered class 
I mutations conferring a proliferation and/or survival 
advantage. AML with FLT3 mutations is not considered a 
distinct entity, although determining the presence of such 
mutations is recommended because they have prognostic 
significance.7 

Prognostic factors
A number of clinical and biological features that reflect the 
heterogeneity of AML are used to predict the likelihood 
that a patient will have a response to treatment or relapse. 
Adverse prognostic factors in AML include increasing 
age, a poor performance before treatment, unfavourable 
cytogenetic abnormalities and a high white blood cell 
count.1,2,8-10 Furthermore, therapy-related AML or AML 
arising after a myelodysplastic or myeloproliferative 
syndrome is usually more resistant to standard treatment 
than de novo AML.11,12 

Cytogenetics
Important predictors of disease outcome are the 
pre-treatment cytogenetic and molecular findings in 
AML blasts.2,13-20 To date, in AML approximately 200 
different structural and numerical aberrations have been 
described.7,20 Cytogenetic findings permit patient risk to 
be categorised as favourable, intermediate or unfavourable, 
with very different cure rates.2,3,13-15,18,20-25 Although there 
may be (subtle) differences in the criteria used to define 
these risk groups among different study groups, the 
presence of for instance t(8;21)(q22;q22), t(15;17)(q22;q21) 
and inv16(p13q22)/t(16;16)(p13;q22) is generally classified 
as favourable-risk AML (with leucocytes <20 x 109). On 
the other end of the spectrum is the unfavourable-risk 
group, which includes blasts showing e.g. monosomies 
of chromosome 5 or 7, deletion of the long arm of 
chromosomes 3, 5 and 7 and complex karyotypes. Of note, 
the monosomal karyotype, defined as non-core-binding 
factor (CBF) leukaemias with a karyotype with at least 
two autosomal monosomies or one single autosomal 
monosomy in the presence of one or more structural 
cytogenetic abnormalities, is considered to be a better 
predictor of (very) poor outcome than the traditionally 
defined complex karyotype.26 The intermediate-risk group 
includes AMLs with a normal karyotype and AMLs which 
are not classified in the other two risk groups. 

Molecular genetics
In recent years, the discovery of mutations in e.g. genes 
encoding FLT3, NPM1 and CEBPA has shown to be of major 

importance (table 1). Nowadays, it is increasingly possible 
to distinguish subsets of patients with differing outcomes 
from the large cohort with a normal karyotype AML 
or miscellaneous cytogenetic abnormalities considered 
as intermediate-risk cytogenetics. The majority of FLT3 
receptor tyrosine kinase gene mutations are internal 
tandem duplications (ITD); less frequent are mutations 
involving the tyrosine kinase domain (TKD). Several 
groups have consistently reported that FLT3-ITD is a major 
independent adverse risk factor in AML.27-31 The prognostic 
relevance of FLT3-TKD mutations, however, remains 
controversial.7 FLT3-ITD has a prevalence of 20 to 25% in 
young adults and nearly 35% in the older adult population. 
The ratio of the FLT3-ITD and the wild-type FLT3 (measured 
by polymerase chain reaction, PCR) varies from patient to 
patient, and this difference may have clinical implications. 
Thiede et al. found that patients with an allelic ratio (AR) 
above the median (0.78) had significantly shorter overall 
and disease-free survival, whereas survival in patients 
with ratios below 0.78 did not differ from those without 
FLT3 aberrations.27 CEBPA, a transcription factor involved 
in normal myelopoiesis, is mutated in ~10% of AML cases 
and predicts a relatively favourable outcome in paediatric 

table 1. Recurrent molecular abnormalities in adult 
AML

Gene mutation Percentage 
of cases

Prognostic 
significance

reference*

Fms-related tyrosine 
kinase 3 (FLT3), 
internal tandem dupli-
cation (ITD)

20-35 Unfavourable 27-31

CCAAT/enhancer 
binding protein alpha 
(CEBPA)

5-10 Favourable, 
when 
mutated on 
both alleles

32-37

Nucleophosmin 
(NPM1)

25-35 Favourable 
in absence of 
FLT3-ITD

34,35,38,39

Wilms tumour 1 (WT1) 10-13 Unfavourable? 40-42

RAS ~15 - 34

Cytosolic isocitrate 
dehydrogenase 1/2 
(IDH1, IDH2)

10-25 In subsets 
unfavourable?

47-50

Tet oncogene family 
member 2 (TET2)

12-20 Unfavourable? 51-53

KIT 2-8 Unfavourable? 54-58

DNA (cytosine-5-)-
methyltransferase 3 
alpha (DNMT3A)

22 Unfavourable? 59

Protein tyrosine phos-
phatase, non-receptor 
type 11 (PTPN11)

<5 - 60

Runt related transcrip-
tion factor 1 (RUNX1)

<5 - 60

*due to space limitations, only a selected number are given for each 
abnormality.
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and adult AML, however, only when CEBPA is mutated 
on both alleles.32-37 Approximately 50% of adult normal 
karyotype AMLs harbour an NPM1 mutation, which leads to 
delocalisation of the NPM1 protein to the cytoplasm.38 NPM1 
and FLT3-ITD commonly co-exist in normal karyotype 
AML suggesting that they may cooperate in generating 
the leukaemic phenotype. The presence of an NPM1 
mutation (in the absence of an FLT3-ITD mutation) is 
associated with better outcome in terms of higher complete 
response rates and increased long-term survival compared 
with patients lacking the mutation.34,35,39 Consequently, 
it has been suggested that cytogenetically normal AML 
involving the genotype of mutant NPM1 without FLT3-ITD 
should no longer be classified as intermediate-risk 
leukaemia but rather should be classified as favourable-risk 
leukaemia.35 Furthermore, patients with mutant NPM1 
without FLT3-ITD may not benefit from related-donor 
transplantation as first-line treatment.35 Mutations in the 
Wilms’ tumour gene (WT1), present in ~10% of patients 
with normal karyotype AML, have been found to be 
associated with poor outcome, especially in combination 
with an FLT3-ITD.40-43 RAS mutations, occurring in ~15% of 
cases, are suggested to be prognostically neutral.34 
Recently, mutations in genes involved in metabolism 
have been discovered.44,45 In AML, but also in low-grade 
gliomas and secondary glioblastoma multiforme (GBM), 
mutations in cytosolic isocitrate dehydrogenase 1 (IDH1) 
and its mitochondrial homolog IDH2 have been identified. 
Both IDH1 and IDH2 are important enzymes in the citrate 
cycle (Krebs cycle). Two distinct alterations are caused by 
the tumour-derived mutations in IDH1 or IDH2: loss of its 
normal catalytic activity in the production of a-ketoglutarate 
(a-KG) and gain of the catalytic activity to produce 
2-hydroxygulatrate (2-HG). Consequently, less a-ketoglutarate 
is available for biological processes in which it functions as 
a co-factor. Remarkably, IDH1/2 mutations, occurring in 

~10 to 25% of AML cases,47-50 were mutually exclusive with 
mutations in gene encoding the a-ketoglutarate-dependent 
enzyme tet oncogene family member 2 (TET2) (occurring 
in 12 to 20% of AML cases).51-53 Loss-of-function mutations 
in TET2 were associated with similar epigenetic defects as 
IDH1/2 mutants. Interestingly, a shared proleukaemogenic 
effect between TET2 mutations and mutations in IDH1 and 
IDH2 was suggested since a-ketoglutarate is a co-factor for 
TET2 in the hydroxylation of 5-methylcytosine and thus effects 
the methylation process.46 

In cytogenetically favourable core binding factor (CBF AML 
(i.e. AML with t(8;21) or inv(16)/t(16;16)), the presence of 
a mutation in the KIT receptor tyrosine kinase has been 
shown to have an unfavourable influence on outcome 
in retrospective studies.54-58 Recently, highly recurrent 
mutations in the DNA methyltransferase gene DNMT3A 
have been discovered and were found to be independently 
associated with poor outcome in AML.59 Other mutations 

as those involving protein tyrosine phosphatase, 
non-receptor type 11 (PTPN11) and runt-related 
transcription factor 1 (RUNX1) are relatively rare (i.e. <5% 
of cases), making their relevance to risk-stratified treatment 
approaches uncertain at the present time.60

effect of over-expressed genes on outcome
Quantitative expression levels of several genes (e.g. Brain 
And Acute Leukaemia Cytoplasmic gene BAALC),61-63 
Ets-related gene (ERG),64,65 Meningioma-1 gene (MN1),66,67 
and Ecotropic Viral Integration-1 gene (EVI1)68-70 have 
been shown to carry prognostic information in patients 
with (normal karyotype) AML (table 2). Except for EVI1, 
the molecular basis of up-regulation of these genes 
remains, however, poorly understood. Recently, it was 
shown that expression levels of ERG, BAALC and 
MN1 are strongly correlated, which suggests that their 
prognostic significance may be overlapping.64 Several 
studies have evaluated the prognostic significance of 
expression of multidrug resistance (MDR) genes with 
varying conclusions.71-74 Expression of factors that may 
relate to interaction of leukaemic cells with bone marrow 
microenvironment (e.g. vascular endothelial growth factor 
A (VEGFA), and chemokine (C-X-C motif) receptor 4 
(CXCR4)) as well as VEGFC have also been found to impact 
on outcome.75-79 Finally, high expression of p16INK4A was 
found as a prognostic parameter for overall survival in 
older patients with AML.80

table 2. Effect of quantitative expression levels of genes on 

outcome

Gene overexpression Percentage 
of cases*

Prognostic 
significance

reference*

Brain and acute 
leukaemia cytoplasmic 
gene (BAALC)

~50 Unfavourable 61-63

Ets-related gene (ERG) ~25 Unfavourable 64,65

Meningioma-1 gene 
(MN1)

~25-50 Unfavourable 66,67

Ecotropic viral integra-
tion-1 gene (EVI1)

6-11 Unfavourable 68-70

Chemokine (C-X-C 
motif) receptor 4 
(CXCR4)

~33 - 77,78

Vascular endothe-
lial growth factor C 
(VEGFC)

~50 Unfavourable 79

Cyclin-dependent 
kinase inhibitor 2A 
(CDKN2A, p16INK4A)

~75 Unfavourable 80

due to space limitations, only a selected number are given for each 
abnormality. * in case of overexpression, the percentage is based on the 
cut-off used in the referenced papers. this may involve simple dichot-
omisation (e.g. BAALC), resulting in 50% of the cases by definition 
exhibiting overexpression. of note, also continuous expression levels 
of VEGFC correlated with poor outcome.
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G E N E  E X P R E S S I O N  P R O F I L I N G

Although an increasing number of prognostically relevant 
(cyto) genetic variables have been identified in AML, 
not all cases are currently classified adequately. To date, 
tremendous evidence exists that DNA microarray-based 
gene expression profiling adds an important new facet 
to the study of AML, e.g. in relation to classification 
opportunities. In the past decade, microarrays, together 
with the availability of the complete nucleotide sequence 
of the human genome, have made it possible to measure 
expression levels of thousands of different mRNA 
transcripts simultaneously.81-84 There are several (potential) 
applications for gene expression profiling (GEP) studies. 
GEP studies are well suited to reveal characteristic patterns 
(signatures) of activation or silencing or both of multiple 
genes that may reflect underlying biology of disease 
subtypes. Subsequently, this may provide diagnostic/
prognostic information, and potentially reveal novel 
molecular targets for therapeutic intervention.

Prediction of known classes: ‘class prediction’
In an early landmark study in 1999, researchers described 
for the first time the power of GEP in leukaemias.85 In that 
particular study, GEP profiles were used to distinguish AML 
samples from those with acute lymphoblastic leukaemia 
in an unsupervised approach. Of note, the grouping of 
cases according to similar gene expression profiles is 
known as clustering.86,87 Clustering in an unsupervised 
approach is done in an unbiased way, i.e. without the use of 
external information such as patient baseline characteristics, 
mutations or cytogenetics. Class prediction refers to the 
possibility to predict leukaemia subtypes, as defined by 
their phenotypes and genotypes, with the use of GEP 
signatures. For instance, it was demonstrated that the 
prognostically favourable AML subtypes (i.e. t(8;21), t(15;17) 
and inv(16)) have distinctive GEP profiles which have 
consistently been found to be predictable with almost 
100% accuracy using GEP.85,88-96 Interestingly, paediatric 
AML GEP profiles could also be used to predict adult 
AML samples with identical cytogenetic abnormalities.90 
In addition, GEP profiles have a high accuracy to predict 
subgroups with rare translocations, as shown for the t(8;16)
(p11;p13) with CBP and MOZ (monocytic leukemia zinc 
finger protein) re-arrangements.97,98 Moreover, unsupervised 
clustering revealed that mutations in CEBPA and also NPM1 
correlated with gene expression signatures.92,99 However, the 
accuracy of prediction for other cytogenetic AML subsets, 
such as those with abnormalities involving band 11q23, 
abnormalities involving 3q, -5/5q-, -7/7q- or t(9;22) was 
lower.88,89,93 Similarly, the prediction accuracy for specific 
molecular subsets of patients such as those harbouring 
FLT3-ITD, FLT3-TKD and mutations in KRAS and NRAS 
genes was lower.93,100

Prediction of new aMl subgroups: ‘class discovery’ 
GEP studies also have the potential to uncover new 
subgroups in AML.88,92,101 This procedure is representative 
of class discovery. For example, Valk and colleagues 
identified 16 subgroups in 285 AMLs, several of which 
lacked previously known denominators.92 In addition, 
at least five other GEP studies revealed previously 
unrecognised heterogeneity within established paediatric 
as well as adult AML subtypes.88,90,102,103 Recently, it was 
demonstrated that a subset of AML patients who did not 
harbour CEBPA mutations could be characterised by a 
GEP signature resembling that of AML patients with 
CEBPA mutations.104 Interestingly, further experiments 
revealed that in these cases, CEBPA was epigenetically 
silenced, which indicates that the detection of a distinct 
gene expression subtype had indeed led to the discovery of 
a biologically meaningful subgroup.
From a clinical point of view, one of the most important 
challenges in AML is to enlarge insight into the 
pathobiology of AML in the elderly. In recent decades, 
survival of paediatric and adult AML patients has improved 
significantly, while survival of older AML patients (>60 
years) has remained virtually unchanged over the 
past decades resulting from the combination of poor 
chemotherapeutic tolerance and inherent chemotherapy 
resistance compared with younger AML patients.1,2,15 
Moreover, AML in older patients shows a lower frequency 
of favourable core-binding chromosomal abnormalities 
and a higher incidence of complex aberrant karyotypes. 
Recently, two studies showed that older patients with 
AML show distinct GEP signatures compared with 
younger patients with AML.80,105 The latter study described 
that, unlike healthy cells, AML-derived blasts show a 
down-regulation of p16INK4A mRNA with increasing 
age. Based on this observation it was hypothesised that 
suppression of defence mechanisms which protect older 
cells against cellular and DNA damage might facilitate 
oncogenesis in older individuals.80,106 
So, GEP could help researchers to discover hidden 
heterogeneity within AML subtypes.

GeP and predicting outcome in aMl
GEP has also been applied to derive prognostic signatures 
for AML that would identify subsets of patients with 
differing outcomes. In these studies treatment outcome or 
resistance were used to define a prognostic predictor.107,108 
Hierarchical clustering analysis in 93 patients with 
core-binding factor AML revealed the stratification of 
two clusters with significantly different survival.102 In 
cytogenetically normal AML, Bullinger et al. were able to 
divide cytogenetically normal samples into two diverse 
prognostically relevant clusters using GEP.88 Importantly, 
the prognostic impact of this signature was independently 
validated in another cohort of AML samples using a 
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different platform and a longer follow-up.109 Of note, the 
prognostic effect of the signature was in part related to the 
occurrence of FLT3-ITD mutations, only 81 of 133 probes 
could be validated due to differences in platforms and the 
prediction accuracy of the classifier was overall modest, 
with approximately 60% of the patients having their 
outcome predicted correctly.109,110 Recently, another study 
in cytogenetically normal karyotype AMLs revealed a gene 
signature of 86-probe sets correlating significantly with 
overall survival.111 The prognostic effect of this classifier 
was independent of age, FLT3-ITD and NPM1 mutation 
status. In paediatric AML, a GEP study in 54 AML patients 
revealed 36 probe sets to be associated with prognosis.112 

However, in an independent paediatric AML GEP study 
this prognostic signature could not be confirmed.90 

remarks and limitations
Gene expression analysis can be performed on 
microarray platforms with varying kinds of probes 
(cDNA, short-oligonucleotide, long-oligonucleotide, etc.), 
production and labelling method (microbeads, spotting, 
in situ polymerisation, etc.). Specificity is highest for 
DNA-oligonucleotide microarrays of 40-60-mer probe 
length as they have a lower risk of cross-hybridisation.113 
The widely-used Affymetrix microarrays rely on 25-mer 
in situ synthesised probes.114 The interpretation of the 
fluorescence intensity signals requires sophisticated 
computational methods for data normalisation and 
classification,115 because each study generates large 
datasets. GEP is a multistep procedure that can only 
be briefly outlined here. Initially, data pre-processing 
and quality control steps are performed for detection of 
array artefacts and the evaluation of the homogeneity 
of experimental groups. Furthermore, it is important 
to be aware of interstudy variations with regard to data 
normalisation, gene filtering and clustering procedures, 
which could influence the outcome of the analysis.84,116 
Notably, significant efforts have led to the establishment 
of proposed guidelines to describe the minimum 
information about a microarray experiment (MIAME) that 
is needed to enable the interpretation of the results of the 
experiment unambiguously and potentially to reproduce 
the experiment. This is particularly important information 
if microarray data are deposited in a public database, such 
as the Gene Expression Omnibus.117,118 

GEP holds promise for developing molecular portraits 
of cancer subtypes with different clinical outcomes that 
could not be sub-classified or identified upon (initial) 
clinical presentation. One of the possible challenges in 
GEP studies is the (low) number of samples as compared 
with the number of genes tested, the so-called ‘curse of 
dimensionality’ (i.e. overfitting).119 In addition, there may 
be small numbers of genes whose expression discriminate 
cancer subtypes but they may not be driving causes of 

cancer initiation/ progression and therefore provide little 
survival information. Another not surprising issue is 
that independent studies can identify different panels 
of genes with similar discriminatory specificity and 
power. Furthermore, the number of genes expected to 
be differentially expressed between two (or more) classes 
of interest within a single cancer subtype is probably 
small, and the differences in expression may not be 
large (enough) in relation to experimental noise.120 We 
have introduced the concept of TSR profiling that might 
improve the performance of predictive profiles.121 These 
transcriptional system regulators (TSRs) allowed one 
to characterise the expression profile of an individual 
microarray with just 50 TSR scores instead of using ten 
thousands of individual genes: i.e. a >500-fold reduction 
of complexity, thus avoiding the problem of overfitting. 
There is a second advantage of TSR profiling: i.e. when 
signals of multiple genes are added to calculate TSR scores 
the signal-to-noise ratio improves because noise cancels 
out. Further studies are needed to investigate whether 
TSR scores may be more reproducible input variables for 
prediction models than expression signals of selected 
individual genes. 

biology versus statistics
A pending question in GEP studies is whether large-fold 
changes in individual genes have more biological relevance 
than smaller but coordinated fold-changes in a set of 
genes (particularly along a single biological pathway). 
The assumption that (only) changes of more than twofold 
are significant is still surprisingly widespread.122 This 
threshold is based on initial publications by the Stanford 
group who found, from concordance analyses, that a more 
than twofold variation was significant for a particular set 
of experiments.123 This factor of two was subsequently 
referred to by others as a universal significance threshold, 
without realising its development. Moreover, in principle, 
the particular changes in gene expression between classes 
of samples may be less informative than the pathways they 
impact. Finally, it is important to realise that relative levels 
of mRNA expression do not necessarily reflect biological 
activity, as the latter may be highly dependent on other 
factors, such as posttranslational modifications. 

Clinical application
Following the introduction of GEP in leukaemia research 
a decade ago by Golub and colleagues, various study 
groups worldwide have consistently shown that GEP 
can be used to predict molecularly defined subtypes of 
AML.124-128 However, from a clinical point of view, several 
questions surround GEP in AML: e.g. can GEP improve 
current diagnostics and risk classification schemes in 
AML, or the ability to predict outcome in AML patients 
beyond that currently provided by well-established 



172

a p r i l  2 0 1 1 ,  v o l .  6 9 ,  n o  4

De Jonge, et al. Gene expression profiling in acute myeloid leukaemia.

prognostic variables such as age, presenting white blood 
cell count and the presence of cytogenetic or molecular 
(e.g. mutations) abnormalities? To be able to answer such 
questions properly at least two important prerequisites 
should be met. Firstly, appropriate validation of GEP 
results in independent (prospective) study cohorts is 
needed. Secondly, for successful subgroup discovery it 
is crucial to have access to sufficiently large series of 
cases representing the various subtypes of AML. It may 
be unlikely that gene expression arrays will be used to 
diagnose cytogenetic and molecular abnormalities in the 
clinical setting when direct diagnostic assays are available 
and are more cost-effective.129 However, it is important to 
realise that the particular value of GEP-based classification 
lies in its comprehensiveness (i.e. the ability to measure 
tens of thousands of transcripts at one time) and its 
possibility to uncover (hidden) heterogeneity (e.g. related 
to differing outcome) within established cytogenetic 
and/or molecular subtypes of AML. However, the latter 
is highly dependent on the availability of high-quality 
samples and robustly annotated clinical data, which often 
have to be collected over many years. Ultimately, once 
intensively (prospectively) validated and standardised, 
measuring a panel of selected genes in combination with 
clinical (e.g. age, WBC count) and established variables 
(e.g. cytogenetics, and mutations) might be of importance 
in guiding doctors (therapeutic) decisions. Finally, from a 
cell biological point of view, particular efforts should be 
directed towards proper understanding of the biological 
mechanism and regulation of ‘genes with prognostic 
significance’. This aspect will clearly need to be further 
studied, also in terms of targeted therapy development 
and testing.

Which cells to profile?
There is not only heterogeneity among AML patients, 
heterogeneity is also evident within the AML cells of one 
patient. AML is thought to be initiated and maintained 
by a few leukaemia-initiating cells (LICs) that have an 
enhanced self-renewal capacity, can engraft in nonobese 
diabetic/severe combined immunodeficient mice and 
are, nowadays, believed to be restricted to the CD34+/
CD38- or CD34+/CD38+ fraction.130-134 However, there 
is evidence from mouse studies that mixed lineage 
leukaemia-associated human leukaemias can also 
arise from more progenitor cells.135,136 Furthermore, a 
recent study suggested that for some NPM1 mutated 
AMLs the LICs are also present in the CD34- fraction.137 

Most AML GEP studies, however, have been performed 
with the total AML mononuclear cell (MNC) fraction. 
Because cell lineage and differentiation stages might 
(theoretically) affect gene-expression based clustering, 
the differential expression of genes associated with the 
differentiation stage might obscure more basic gene 

expression information related to tumour initiation and 
maintenance. Consequently, profiling of more purified 
cell populations, instead of total MNC fractions, might 
enhance the possibilities of GEP in identifying novel 
prognostic markers or subgroup discovery.138 However, 
this approach directly depends on the accepted definition 
of immunophenotypic markers of leukaemia-initiating 
cells. Finally, there is compelling emerging evidence that 
cell nonautonomous contributions to leukaemia play a 
pivotal role in disease maintenance and propagation (i.e. 
the microenvironment, the niche).75 

C o n C l U s i o n s  a n d  f U t U r e 
P e r s P e C t i V e s

Gene expression profiling using microarrays is currently 
the standard for analysing the transcriptome. However, 
profiling of e.g. microRNA (miRNA) levels, chromosomal 
copy number changes and epigenetic modifications 
have also played a pivotal role in enhanced molecular 
understanding of the (patho)biology of cancer, including 
AML. For example, similarly to mRNA profiling, miRNA 
profiling has revealed that specific subgroups of AML 
share distinctive miRNA signatures with prognostic 
significance.139-142 Furthermore, methylation profiling of 
a large series of AML patients identified several clusters, 
of which some could not be explained by the enrichment 
of any currently known recurrent cytogenetic, molecular, 
or clinical features.143 In recent times, next-generation 
sequencing (NGS) technologies have become available 
that enable gene expression analysis by direct shotgun 
sequencing of complementary DNA synthesised from RNA 
samples.144-147 NGS technologies have an impressive range 
of applications, and are increasingly being developed. 
In contrast to microarrays, sequencing technologies 
do not depend on predefined sequences, thus allowing 
for detection of, for example, new splicing variants 
or single-nucleotide polymorphisms. Furthermore, it 
allows genome-wide profiling of epigenetic marks.148 It is 
hypothesised that in the near future, NGS technologies 
could be used to obtain high-quality sequence data 
from a genome isolated from a single cell, which would 
be a substantial breakthrough, particularly for cancer 
genomics.149 Once we know the genomic landscape 
of cancer more adequately, what should follow? While 
genome-wide characterisation of cancer subtypes will 
likely reveal significant clues about genes that play a 
role in cancer progression, it is important to follow-up 
on these clues by carrying out functional screens of 
altered genes. Functional screening would aim to identify 
those (somatic) alterations that are imperative in tumour 
initiation and progression. Furthermore, functionally 
relevant mutations must be distinguished from passenger 
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mutations (i.e. unimportant genetic changes caused by 
genomic instability of cancer cells). Finally, functional 
screening may establish candidate genes and their protein 
products for targeted therapy development or testing, as 
well as for diagnostic/prognostic assay development. 
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a b s t r a C t

autoimmune haemolytic anaemia (aiHa) is a rare disease. 
in clinical practice, diagnosis and treatment of aiHa turns 
out to be troublesome. Correct diagnosis is dependent on 
proper comprehension of the pathophysiology and the 
laboratory tests performed by the transfusion laboratory. 
the present review provides a short overview on the 
pathogenesis of autoimmune haemolytic anaemia. the 
diagnostic pitfalls will be discussed and a diagnostic 
algorithm for proper diagnosis of aiHa will be given. 
Moreover, a brief overview on the treatment of different 
forms of aiHa is given.

k e y W o r d s

Autoimmune hemolytic anemia, hemolysis, 
cold-autoantibodies, warm-autoantibodies, complement, 
autoantibodies

i n t r o d U C t i o n

The diagnosis of autoimmune haemolytic anaemia (AIHA) 
is a challenge for both the immunohaematology laboratory 
and the clinician as the laboratory investigation can be 
troublesome and often requires extensive time-consuming 
serological testing, especially when a blood transfusion is 
needed. Frequently, there is a need to start therapy rapidly. 
Therefore, close collaboration and a good communication 
between laboratory and clinician is a ‘sine qua non’. The 
aim of the present review is to give an overview of the 
laboratory techniques used for the diagnosis of AIHA. 
Moreover, a short overview on therapeutic options in AIHA 
will be provided. 

o V e r V i e W

AIHA is characterised by an increased breakdown of red 
blood cells (RBC) due to autoantibodies (auto-Ab’s) with or 
without complement activation. The diagnostic features of 
AIHA include the combination of clinical and laboratory 
signs of RBC haemolysis together with the detection of 
auto-Ab’s and/or complement deposition on RBC as mostly 
evidenced by a positive direct antiglobulin test (DAT) also 
known as direct Coombs test. A negative direct Coombs 
test using standard techniques does not exclude the 
diagnosis of AIHA.1

In more than 50% of the patients the development of AHIA 
is associated with an underlying disease (secondary AIHA), 
but can occur without any evidence of an underlying 
disorder (idiopathic or primary AIHA, table 1).2 Based 
on the optimal temperature for autoantibody binding 
to RBC, AIHA is divided into a warm antibody AIHA 
(WA-AIHA), cold antibody AIHA (CA-AIHA) or AIHA 
due to biphasic auto-Ab (paroxysmal cold haemoglobinuria, 
PCH). With an incidence of 1:100,000 WA-AIHA is a 
rare disease, the incidence of CA-AIHA is even lower 
(1:1,000,000).1 In contrast, 10% of patients suffering from 
lupus erythematosus develop an AIHA.3,4 Occasionally, 
lymphoma is complicated by AIHA, but it can also be a 
herald of a lymphoma that has not yet been diagnosed. 
This is evidenced by the fact that 18% of patients with 
primary AIHA develop overt lymphoma at a later date.5 

P a t H o G e n e s i s

Autoantibodies directed to epitopes on RBC consisting 
in sugar and/or protein structures are crucial in the 
pathogenesis of AIHA. The isotype is important for the 
clinical significance of an autoantibody. Immunoglobulins 
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of IgM isotype form a pentameric structure and are 
therefore very efficient in complement activation. IgG1 
and IgG3 are efficient complement activators as well, 
whereas IgG2 and IgA have only a weak capacity to 
activate complement. IgG4 does not activate complement. 
Generally, the complement system is not completely 
activated and complement degradation products (C3c, 
C3d) can be detected as traces on RBC’s (‘Complement 
footprints’). However, complement activation may proceed 
until the formation and introduction of the membrane 
attack complex C6-9 (MAC) leading to RBC lysis. The 
optimal temperature of auto-Ab’s to bind to RBC is of 
clinical relevance as well. Cold autoantibodies (CA-Ab) 
show optimal binding to RBC below 30 °C and are 
mostly of IgM isotype. CA-Ab having an optimal binding 
around 30 °C are clinically relevant since they may induce 
complement activation in-vivo.6 Warm autoantibodies 
(WA-Ab) show optimal binding at 37 °C and are mostly 
IgG, less commonly IgM and rarely IgA.1 Biphasic 
auto-Ab’s are IgG which show optimal binding below 30 °C 
and induce complement activation at 37 °C.6 RBC coated 
with IgG with/without C3c/C3d are preferentially removed 
by via Fc-gamma receptor mediated phagocytosis in the 
spleen, whereas RBC coated with C3c/C3d in the absence 
of IgG are destroyed via complement-receptor mediated 
phagocytosis in the liver (extravascular haemolysis). In the 
presence of IgM which is reactive above 30 °C, complement 
activation may proceed till the insertion of MAC leading to 
intravascular RBC destruction (intravascular haemolysis). 

d i a G n o s i s

Clinical considerations
The clinical presentation of AIHA is not different from 
other forms of acute haemolytic anaemia or acute crisis 
of a chronic haemolytic anaemia. Frequently, patients are 
icteric and suffer from clinical signs of anaemia, such 
as pallor, fatigue, shortness of breath and palpitations. 
In contrast, haemoglobinuria as a sign of intravascular 
haemolysis is rare, but the patient must explicitly be 
asked for that symptom. In case of cold agglutinins, 
cold exposure may lead to agglutination of RBC in the 
circulation as reflected by cyanotic discolouring of the acra, 
such as toes, fingers, ears and nose. After warming up, the 
cyanotic discolouring disappears quickly and in contrast to 
a Raynaud phenomenon, no reactive hyperaemia occurs. 
The presence of a disease frequently reported to be 
associated with AIHA supports the suspected diagnosis. 
Since many of these diseases are accompanied by anaemia, 
the diagnosis of a mild AIHA can easily be missed. An 
overview on the different forms and aetiologies of AIHA 
is shown in table 1. 

General laboratory findings
Besides a careful evaluation of the clinical history, 
laboratory diagnostics play a central role in the diagnosis 
of AIHA in order to detect both haemolysis and auto-Ab’s 
to RBC. Increased levels of lactate dehydrogenase (LDH), 
indirect hyperbilirubinaemia, decreased haptoglobulin 
and reticulocytosis reflect increased RBC breackdown 
either due to intra- or extravascular haemolysis. Normal 
levels of LDH do not exclude the presence of haemolysis! 
Reticulocytosis might be absent in the beginning of 
AIHA and/or in case of decreased functional capacity of 
the bone marrow, as seen after chemotherapy. Frequently, 
microspherocytes can be detected in the peripheral blood 
smear. Microspherocytes are autoantibody-coated RBC, 
which have lost their biconcave shape due to loss of part 
of their membrane upon passage through the spleen.7 In 
case of intravascular haemolysis, haemoglobin is released 
by destructed RBC and cleared by the kidney leading to 
a brownish discolouring of the urine (haemoglobinuria). 
Even days after the haemolytic episodes haemosiderin can 
be detected in the urine. 

immunohaematological diagnostics
The immunohaematological diagnosis in AIHA aims to 
detect auto-Ab’s to RBC. In a first approach the indirect 
antiglobulin test (IAT) and the DAT are performed. In 
the IAT, auto-Ab’s to RBCs present in patient’s serum are 
detected. In a first step, standardised test RBC (test panel) 
are incubated with the patient’s serum. In a second step, 
after removing the unbound immunoglobulins by washing 
polyspecific antihuman globulin reagent directed to both, 

table 1. Aetiologies of autoimmune haemolytic anaemia

autoantibody (incidence)

Warm antibody AIHA (1:100000)

Primary (idiopathic)

Secondary 

Lymphoproliferative disease (lymphoma)

Autoimmune diseases (SLE, colitis ulcerosa)

Acute leukaemia

Solid malignancy (ovarian carcinoma)

Cold antibody aiHa (1:1000000)

Primary (idiopathic): frequently herald of occult lymphoma

Secondary 

Lymphoproliferative disease (M. Waldenstrom, lymphoma)

Infection (mycoplasma, EBV)

biphasic haemolysins (rare)

Idiopathic

Secondary

Postviral,siphilis

Mixed forms with warm and cold antibodies

Idiopathic

Secondary

Autoimmune diseases (SLE)

ebV: epstein-barr virus, sle: systemic lupus erythematosus
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human IgG and complement (complement component C3) 
are added. If RBCs have been coated by auto-Ab’s present 
in the patient serum, the RBC will agglutinate indicating a 
positive result (positive IAT, figure 1, above). In contrast, by 
means of the direct Coombs test, auto-Ab’s bound in-vivo 
to patients RBC are directly detected by adding polyspecific 
antihuman globulin reagent (figure 1, middle). In rare 
situations the clinical picture is highly suggestive for an 
AIHA, but the direct Coombs is negative. As a polyspecific 
anti-human globulin reagent does not contain anti-IgA it 
is important to repeat the DAT with anti-IgG, anti-IgA, 
anti-IgM, anti-C3c and anti-C3d to confirm the DAT to 
be negative. In the situation the DAT remains negative 
the presence of microspherocytes in the peripheral blood 

smear may help to support the suspected diagnosis AIHA 
without detectable antibodies. 
In daily practice fully automated laboratory analysing 
systems are used to perform DAT and IAT. All these 
systems are based on the detection of agglutination 
of RBC. Frequently, column tests with gel-containing 
microtubes are used. RBC and antiserum are incubated in 
a reaction chamber followed by a controlled centrifugation 
of the microtube containing anti human globulin. If 
agglutination occurred in the reaction chamber, the 
RBC-antiserum complexes will be trapped in the 
column upon centrifugation and the test is positive. If 
no agglutination occurred, the RBC pass the column 
upon centrifugation resulting in a pellet on the bottom 
of the microtube, the test is negative (figure 2). In some 
laboratories flow cytometry is used to detect RBC coated 
with either auto-Ab’s or complement, respectively. 
However, in special situations RBC agglutination is still 
performed visually in glass tubes by an analyst.

figure 1. Direct and indirect antiglobulin test

Test erythrocytes

Patient serum

Test erythrocytes coated with 
(auto)antibodies

Serum directed to human IgG

Agglutination test erythrocytes

Patient erythrocytes coated with 
autoantibodies

Agglutination patient 
erythrocytes

Spontaneous agglutination of patient 
erythrocytes coated with IgM

Indirect antiglobulin test

Direct antiglobulin test

Spontaneous agglutination

Serum directed to human IgG or 
complement C3c/d

by means of the indirect antiglobulin test (iat, indirect Coombs 
test) circulating allo- and autoantibodies present in patient serum 
are detected. in a first step treated or untreated test erythrocytes are 
incubated with patient serum. allo- and autoantibodies present in the 
patient serum will bind to the test erythrocytes. in case of igM present 
in patient serum, test erythrocytes may agglutinate directly, the test is 
positive. antibodies type igG are incomplete antibodies which do not 
lead to direct agglutination of test erythrocytes. in a second step test 
erythrocytes coated with igG are incubated with antiserum against 
human igG. in case of agglutination, the test is positive.
by means of the direct antiglobulin test (dat, direct Coombs test) 
patient erythrocytes coated with either auto- or alloantibodies and/or 
complement are detected. Patient erythrocytes are incubated with a 
polyspecific serum directed to human igG and complement (C3d). if 
there is an agglutination, the test is considered to be positive indicating 
patient erythrocytes to be coated with igG and/or C3d.

figure 2. Direct antiglobulin test 

Polyspecific direct antiglobulin test
 positive positive
 ↓ ↓

Monospecific direct antiglobulin test
 positive
 ↓

the gel system consists in a microtube containing a reaction chamber 
(r) and a gelmatrix (G). the reaction chamber either contains a 
polyspecific (top) or monospecific (bottom) human antiserum directed 
to immunoglobulins or complement (C3c/C3d). Patient erythrocytes 
are added to the reaction chamber and after a short incubation the 
microtube is centrifuged. if agglutination in the reaction chamber 
occurred, patient erythrocytes will be trapped in the gel matrix upon 
centrifugation, the test is positive (arrow). if no agglutination occurred, 
the erythrocytes pass the gel matrix forming a pellet at the bottom 
of the microtube, the test is negative. (figure kindly provided by e. 
schaeffer and G.J. van den akker, aMC.)
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Positive direct Coombs: what to do next?
If the DAT proves to be positive when using a polyspecific 
antihuman globulin reagent, further specification with a 
monospecific reagent is needed in order to detect whether 
RBC are coated with IgG, IgA, IgM and C3C or/and C3d, 
respectively (figure 3). If complement deposition (C3c/C3d) 
can be detected in the absence of an autoantibody, the 
presence of CA-Ab (IgM), WA-Ab (IgM, IgA) or biphasic 
antibodies must be considered. In that situation further 
laboratory diagnostics are also mandatory, to investigate 
the presence of either IgM or IgA. IgA auto-Ab’s without 
IgG auto-Ab’s are very rare. However they show an 
optimal binding at 37 °C and can lead to fulminant and 
fatal haemolysis.8,9 Due to their size (pentamer) IgM 
auto-Ab’s are difficult to detect because they are removed 
by the washing procedures while performing the DAT. In 
addition, the optimal temperature for IgM binding and the 
temperature at which the DAT is performed are crucial. 
In a next step, the properties of IgM to directly agglutinate 
RBC due to its size (pentamer) can be utilised (complete 
antibody). If there is spontaneous agglutination after 
incubation of patient serum with test RBC at 16 °C, a 
CA-Ab IgM must be suspected. A potentially clinically 
relevant cold antibody must be considered if agglutination 
occurs at 30 °C. Another useful test to detect complement 
binding antibodies in serum is a haemolysis test using 
RBC pretreated with enzymes (being much more sensitive 
for complement-mediated lysis as compared with normal 
RBC) incubated with patient serum at both 16 °C and 
37 °C. Thereafter, standard serum with a lower pH 
after adding acid is added as complement source and 
incubation is performed ( figure 4). If lysis occurs a 
clinically relevant antibody which can potentially cause 
haemolysis or shortening of the life span of the RBC 

figure 3. Monospecific direct antiglobulin test (Coombs 
test) 

C3d
C3c

C3d

IgG  C3d IgMC3c C3dIgG/IgA

polyreactive 
serum

monoreactive serum

in case of a positive polyspecific antiglobulin test the components on 
the patient erythrocytes need further specification. Patient erythro-
cytes are incubated with monospecific serum directed to human igG, 
iga, iGM or complement components (C3c, C3d). if there is agglutina-
tion with one of the antisera, the test is positive indicating the presence 
of the respective immunoglobulin or complement component on the 
patient erythrocytes.

figure 4. Detection of autoantibodies potentially able to 
induce haemolysis

Pretreated test erythrocytes, which are more sensitive for haemolysis 
than normal test erythrocytes are incubated with patient serum first at 
16 °C (a) and 37 °C (b) (control: C). after addition of standard serum 
as source of fresh complement, the sensibilised test erythrocytes are 
incubated at 37 °C. if haemolysis occurs, the autoantibody may poten-
tially induce haemolysis in vivo. rarely, an autoantibody may induce 
haemolysis in non-pretreated test erythrocytes (figure kindly provided 
by P. ligthart, sanquin).

must be considered. In case of fulminant intravascular 
haemolysis auto-Ab’s frequently have the potential to 
induce lysis even in non-pretreated RBC in-vitro. If a CA-Ab 
is suspected, the pre-analytical handling of the patient 
samples is crucial. After venipuncture the blood sample 
must immediately be put on 37 °C, since the auto-Ab’s will 
bind to RBC at room temperature thereby decreasing the 
auto-Ab’s concentration in the serum, bearing the risk of 
a false-negative result. 
In order to identify the specificity, the warm auto-Ab’s 
can be separated from the RBC by means of laborious 
elution techniques. In analogy to the IAT the eluate 
(containing the auto-Ab’s which were bound to RBC) is 
tested in a standard panel of RBC. If a specificity of the 
eluted antibody can be identified, this will be indicated in 
the diagnostic rapport (e.g. specific autoantibody, anti-C). 
However, in many cases no specificity can be identified 
(non-specific antibody). Specific WA-Ab’s are frequently 
directed to parts or to the entire Rhesus system, rarely to 
the Kell system.1 CA-Ab are frequently directed to I-antigen 
or H antigen, whereas biphasic auto-Ab’s have anti-P 
specificity.6 

type and screen: remains challenge in aiHa 
In case of a planned transfusion, type and screen has 
to be performed. Besides the characterisation of the 
auto-Ab’s, detection of alloantibodies is of outstanding 
importance. Literature suggests that alloantibodies can 
be detected in 15 to 43% of patients suffering from 
AIHA, mostly after receiving transfusions.10 Moreover, 
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patients with one alloantibody have a significantly 
increased risk to develop additional alloantibodies.10,11 

The presence of auto-Ab’s in serum complicates the type 
and screen procedure. The determination of the patient’s 
blood group (Type) by serological methods remains 
difficult, especially in patients with CA-Ab, and requires 
time-consuming washing steps (extensive washing to get 
rid of the RBC-bound auto-Ab’s). Sometimes, serological 
blood group determination is not possible. Genotyping 
for the most important blood groups (Rhesus, Kell, 
Duffy, Kidd, SS’s) may offer a solution. In case of WA-Ab 
bound to the RBC typing with monoclonal reagents 
is a possibility to avoid genotyping. The detection of 
alloantibodies remains difficult, since patient auto-Ab’s 
react with test RBCs. This is also illustrated by the fact 
that in some cases crossmatching is positive for all 
selected RBC concentrates. With different absorption 
techniques (auto- and alloabsorption) auto-Ab’s can be 
removed from patient serum in order to perform a proper 
screening for alloantibodies. However, these techniques 
are time-consuming, require abundant patient material 
and can only be performed by specialised reference 
laboratories.

t H e r a P y

If possible, transfusion should be avoided! There is a 
significant risk for alloantibody formation upon transfusion 
in that situation. Moreover, ongoing haemolysis can be 
exacerbated by transfusion, since auto-Abs also react 
with transfused red blood cells. Anaemia should only be 
corrected in case of clinical symptoms. Transfusion must 
be performed under control of vital parameters, such as 
cardiac function (ECG), renal function and diuresis. If 
there is no vital indication for a transfusion it is prudent 
to wait for the results of the immunohaematological 
tests and the ensuing transfusion advice based on this. 
In a second approach the process of haemolysis must 
be stopped or at least be attenuated via an inhibition of 
autoantibody production and/or inhibition of premature 
RBC destruction. Successful treatment of secondary 
AIHA is only possible when the underlying disease is 
treated. Figure 5 provides an overview on the different 
therapeutic approaches in AIHA. Due to the availability 
of a therapy efficiently targeting autoantibody-producing 
B-cells (anti-CD20 antibody therapy), the significance of 
splenectomy is a matter of debate. Prospective randomised 
trials evaluating the efficacy of different treatment 
modalities are not widely available since AIHA is a rare 
disease and affects a heterogeneous patient population. 
Moreover, the interpretation of the efficacy of the treatment 
effects in these studies is difficult since there are no 
uniform definitions for response to therapy, complete and 

partial remission, respectively. In the following section, 
therapeutic approaches for WA-AIHA and CA-AIHA will 
be discussed. The definitions partial and complete response 
are adopted from the publication cited in the text. 

treatment of Wa-aiHa
Transfusion
The blood product must be compatible with respect to 
complement-activating alloantibodies present in patient’s 
serum. If possible the selected product must be negative for 
the antigens, to which alloantibodies have been identified in 
the antibody screening. In addition, the development of new 
or additional alloantibodies must be prevented. Therefore, 
a blood product as compatible as possible with the recipient 
antigens will be selected. The minimal requirement is that 
the selected product must be compatible to Rhesus and 
Kell antigens. In case of severe haemolysis blood product 
selection may also consider the specificity of auto-Ab’s. When 
there is a conflict making the right choice to select RBC 
it is important to keep in mind that in case of transfusion 
alloantibodies are more important than auto-Ab’s. If there is 
no time to wait for the result of the serological investigations, 
it must be considered to prevent alloantibody formation by 
matching patient and donor for the most important RBC 
antigens: Rhesus, Kell, Kidd, Duffy, Ss.

Steroids
Steroids are effective in the treatment of AIHA and 
therefore are the treatment of choice. Steroids decrease 
the production of auto-Ab’s by B-cells.12 Moreover, steroids 
reduce the density of Fc-gamma receptors on phagocytes 

figure 5. Mechanisms of red blood cell removal in 
autoimmune haemolytic anaemia

complement activation

complement mediated lysis

via Fc-gamma receptor
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• prednisone
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erythrocytes coated with igG autoantibodies are mainly removed via 
fc-gamma receptors on macrophages in the spleen. Complement 
deposition on erythrocytes in the absence of igG leads to red blood 
cell removal in the liver via complement receptors on kupfer cells. 
in case of fulminant haemolysis, red blood cells are destructed in the 
circulation.
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in the spleen.13,14 Steroids induce a partial remission in 60 
to 70% of the patients, in 10 to 15% a complete remission 
is achieved.1,15,16 Commonly, prednisolone, 1 mg/kg/day is 
started, and depending on the clinical response is tapered 
slowly. After stabilisation of the haemoglobin a scheme 
frequently used at our department is to taper prednisolone 
to a dosage to 20 mg/day in two weeks. If the haemoglobin 
level remains stable, dosage can further be reduced to 10 
mg/day after a month. Thereafter, the steroid dosage can 
further be tapered and be stopped after two weeks. In order 
to diagnose steroid-induced diabetes mellitus early, blood 
glucose levels must be monitored regularly. Moreover, 
osteoporosis prophylaxis must be started since the patients 
suffering from AIHA receive steroids over a long period of 
time. The psychological side effects of steroid treatment 
are frequently underestimated (e.g. agitation, lack of 
self-control, psychosis) and might become an incriminatory 
problem for the patient and social environment. Therefore 
steroid doses have to be reduced often or the therapy has 
even to be stopped. 

Cytotoxic drugs
Azathioprine and cyclophosphamide are both immune 
suppressors leading to a decrease of autoantibody 
production. The addition of these drugs can be considered 
if steroid therapy does not lead to a sufficient result, 
when a steroid maintenance dose of more than 20 mg/
day is needed or steroid doses must be tapered due to side 
effects.17,20 Cyclophosphamide (100 mg/d) or azathioprine 
(100-150 mg/d) can be administered as monotherapy or in 
combination with steroids. Due to their myelosupressive 
effects peripheral blood cell counts must be controlled 
regularly and if needed dosage must be adapted. In 
refractory AIHA pulse therapy with cyclophosphamide 
(50 mg/kg over 4 days) in combination with mesna and 
G-CSF might be successful.21 In desperate cases vincristine 
might be a valuable alternative bearing the advantage 
of being less myelotoxic than cyclophosphamide.22 
Immunosuppressive drugs, such as cyclosporine or 
mycophenolate-mofetil seem to be effective in some case 
series.23,24

Splenectomy
By means of splenectomy RBC destruction is abated and 
the production of auto-Ab’s is decreased. Two weeks after 
splenectomy anaemia has stabilised in more than 50% 
of the patients.25-27 Approximately 20% of the patients 
reach long-time remissions or are even cured from the 
disease. In half of the patients steroids can further be 
tapered. However, one-third of the patients do not reach 
a substantial remission. The mortality of splenectomy 
by laparatomy is around 1%, in laparoscopic splenectomy 
it is about 0.5%.28,29 Patients after splenectomy have an 
increased risk for infections as compared with the normal 

population.30,31 Vaccination against N. menigitidis, Str. 

pneumoniae, H. influenzae, if possible prior to splenectomy, 
significantly decreases the risk for infection in these 
patients.32

Anti-C20 antibody
Rituximab is a chimeric, monoclonal antibody targeting 
CD20 expressed on all B-cells except plasma cells.33 
Administration of rituximab decreases autoantibody 
production by targeted destruction of B cells. The efficacy 
of rituximab in WA-AIHA is difficult to assess due 
to the presence of a considerable publication bias and 
the lack of controlled prospective studies. Retrospective 
studies report a complete remission in 20 to 70% of the 
patients. In prospective studies, >60% of the patients 
achieve a complete remission, but most patients will 
relapse sooner or later (>24 months).34-38 Rituximab is 
well tolerated, occasionally allergic reactions with hives, 
chills and hypotension occur. As a very rare but fatal 
complication, progressive multifocal leucoencephalopathy 
after rituximab therapy in patients suffering from systemic 
lupus erythematosus has been reported.34,39 Despite the 
lack of controlled prospective studies rituximab has to be 
considered to replace splenectomy as therapy of choice in 
steroid-resistant WA-AIHA. If splenectomy is reconsidered 
after failure of rituximab therapy, it must be kept in 
mind that vaccination to encapsulated bacteria might be 
ineffective after Rituximab therapy.

Immunoglobulins
In approxinately 40% of cases, administration of 
immunoglobulins improves anaemia temporarily. This 
is mainly attributed to a reduction of RBC destruction 
in the spleen.40 In addition, immunomodulatory effects 
of gammaglobulins might contribute to the beneficial 
effect as well. Therapy with immunoglobulins might be 
considered in acute life-threatening situations in order to 
reduce breakdown of patients or donor erythrocytes. 

Treatment of CA-AIHA
Fortunately, anaemia in CA-AIHA is usually mild and 
there is no need for correction. The basic treatment in that 
situation is quite simple: ‘keep it warm’. Patients must 
protect themselves properly against the cold by wearing 
gloves, a hat and warm shoes. If necessary, transfusion 
must be performed under controlled conditions at 37 °C by 
means of a controlled heating system.6,34 During surgery, 
body temperature must be kept at 37 °C. The criteria to 
choose a blood product are similar to those in WA-AIHA. 
However, the treatment of CA-AIHA remains a frustrating 
issue. Moreover, only a modicum of controlled studies 
are available. Steroids are clearly less effective than in 
WA-AIHA.6,41-43 The same holds for cyclophosphamide 
and azathioprine.6 In CA-AIHA there is no role for 
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splenectomy.6 A couple of studies report some beneficial 
effects of gammaglobulins. In two controlled trials, 
rituximab was demonstrated to induce a response in 40 to 
50%, but again achievement of complete remission is rare 
and relapses are common.44,45 Since IgM are mainly located 
intravascularly, plasmapheresis induces a quick reduction 
of IgM levels and may therefore contribute to a short-term 
stabilisation of an AIHA.46 Since plasmapheresis has to 
be performed at 37 °C, the technical procedure remains a 
challenge. 

Treatment options in case of intravascular haemolysis
The treatment options in case of fulminant intravascular 
haemolysis are restricted. There are no controlled 
studies. Therapy focuses on supportive care with a 
close monitoring of vital functions, renal function and 
haemolysis parameters. In the literature, gammaglobulins 
and plasmapheresis have been reported as therapeutic 
options. In selected cases an inhibitor of the activation 
of complement component C5 (eculizumab) has been 
administered thereby attenuating the formation of the 
membrane attack complex.47 
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C a s e  r e P o r t

A 73-year-old woman was admitted to the intensive care 
unit (ICU) after surgery for an adenocarcinoma of the 
oesophagus. A routine postoperative chest radiograph 
revealed an unusual finding (figure 1).

W H a t  i s  y o U r  d i a G n o s i s ?

See page 195 for the answer to this photo quiz.

P H o t o  Q U i Z

a postoperative puzzle

K. van den Berge, MD

Department of Internal Medicine, Erasmus Medical Centre, Rotterdam, the Netherlands,  
tel.: +31 (0)10 704 07 04, e-mail: c.vandenberge@erasmusmc.nl

figure 1. Postoperative chest X-ray
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C a s e  r e P o r t

A 54-year-old woman presented with a nonproductive 
cough that started ten weeks ago, accompanied by a slight 
shortness of breath, fatigue and fever. On suspicion of 
a respiratory tract infection the general practitioner had 
prescribed amoxicillin, without any effect. Next, she was 
seen by a pulmonologist, who ordered a chest X-ray and 
lung function test. These tests showed no abnormalities. 
The patient’s symptoms were attributed to (post)infectious 
bronchial inflammation possibly combined with gastric 
asthma, for which she was treated unsuccessfully with 
doxycycline and pantoprazol. Thereupon, the patient was 
referred to the department of internal medicine. 
Repeated history taking was noncontributory. Physical 
examination was unremarkable, except for a temperature 
of 38.0 °C. Laboratory analysis showed an erythrocyte 
sedimentation rate of 120 mm/hour, a C-reactive protein 
level of 178 mg/l and a normocytic anaemia (haemoglobin 
level 6.1 mmol/l) without thrombocytosis or leucocytosis. 
Our differential diagnosis consisted of autoimmune 
diseases such as systemic lupus erythematodes or a 
vasculitis, malignancies such as a lymphoma or pulmonary 
metastasised solid tumour, chronic pulmonary embolism 
and atypical infections such as tuberculosis.
Immunological investigation showed only borderline 
presence of antinuclear antibodies and no anti-double-
stranded DNA or antineutrophil cytoplasmatic antibodies. 
Computed tomography (CT) pulmonary angiography and 
an abdominal ultrasound were normal. Blood cultures and 
a Mantoux test were negative. Finally, positron emission 
tomography (PET)/CT was performed (figures 1A and 1B)

W H a t  i s  y o U r  d i a G n o s i s ?

See page 199 for the answer to this photo quiz.

P H o t o  Q U i Z

a nonproductive cough that would give most 
people a headache, but not this patient!

L.H. Mammatas, F. Stam*

Department of Internal Medicine, Medical Centre Alkmaar, the Netherlands,  
*corresponding author: tel: +31(0)72 548 44 44, fax: +31(0)72 548 21 65, e-mail: f.stam@mca.nl.

figure 1a. Coronal image of whole body PET with 
increased uptake in the aorta, the carotid arteries, 
subclavian arteries and iliac arteries

figure 1b. Transversal fused PET/CT image with 
increased uptake in the aortic arch
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a b s t r a C t

background: large colorectal cancer screening studies 
using primary colonoscopy have reported a low risk of 
major complications. studies on diagnostic and therapeutic 
colonoscopy have pointed to a frequent occurrence of 
(minor) cardiopulmonary events, and with the steady 
increase of colonoscopy screening, it is important to 
investigate their occurrence in colonoscopy screening.
Methods: this study describes the frequency of bradycardia 
(pulse rate <60 min-1), hypotension (systolic blood pressure 
(sbP) <90 mmHg), hypoxaemia (blood oxygenation, sao2 
<90%) and eCG changes during colonoscopy screening 
in an average-risk population (hospital personnel, n=214, 
mean age 54.0±3.8, 39.3% male), without significant 
comorbidity) and aims at identifying subject-related and/
or endoscopic factors associated with their occurrence. all 
data were collected prospectively. during 214 consecutive 
primary screening colonoscopies under conscious sedation 
(midazolam and pethidine), on top of pulse rate and sao2, 

blood pressure and a three-channel eCG were recorded 
every five minutes. 
results: no major complications or relevant eCG 
changes occurred. Hypoxaemia occurred in 119 (55.6%), 
hypotension in 19 (8.9%) and bradycardia in 12 subjects 
(5.6%). in multivariate analysis, the sedation level 3 
increased the risk of hypoxaemia (or 4.8, Ci 1.7-13.7), and 
incomplete colonoscopy (or 5.3, Ci 1.6-18.1) was associated 
with hypotension. subjects with bradycardia had a longer 
mean procedure time (38±12 vs. 29±12 min, p<0.05), which 
did not turn out as a risk factor in a multivariate analysis.
Conclusions: Mainly procedure-related and not 
subject-related factors were found to be associated with 

the occurrence of cardiopulmonary events in primary 
colonoscopy screening in this relatively healthy screening 
population. 

k e y W o r d s

Colonoscopy, monitoring, cardiopulmonary events, 
complications, sedation

i n t r o d U C t i o n

Colorectal cancer (CRC) is posing a major health issue, 
with each year over 1.2 million cases and an estimated 
608,000 deaths worldwide.1 CRC mortality can be lowered 
by CRC screening, as early detection of tumours improves 
disease outcome2 and the removal of adenomatous polyps 
is able to reduce CRC mortality.3 Several CRC screening 
methods are currently accepted, such as the Faecal Occult 
Blood Test (FOBT), sigmoidoscopy and colonoscopy, 
each characterised by advantages and disadvantages.2 
Colonoscopy is currently considered the standard for the 
detection of colorectal neoplasia and in case of positive 
findings detected by FOBT or sigmoidoscopy, a colonoscopy 
has to be performed for verification and possible removal 
of the lesion. 
Colonoscopy as a primary screening method has been 
implemented in an increasing number of countries, 
and the US Centre of Disease Control has reported a 
rising adherence to endoscopy screening in the country. 

o r i G i n a l  a r t i C l e

Cardiopulmonary events during primary 
colonoscopy screening in an average risk 

population 
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A.A Masclee1, R.W. Stockbrügger1
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Colonoscopy is considered a rather safe procedure. Large 
screening studies have reported a low risk of major 
complications, such as perforation, bleeding and serious 
cardiopulmonary complications (e.g. myocardial infarction, 
arrhythmia).4,5 However, several studies on clinical 
diagnostic and therapeutic colonoscopies have reported 
the occurrence of one or several cardiopulmonary events 
(e.g. dysrhythmias, ST elevations/depressions, hypoxaemia, 
bradycardia and hypotension)2,6 and pointed especially 
to the high occurrence of hypoxaemia in 64% of the 
examinations.7 Such cardiopulmonary events may increase 
the risk of serious cardiopulmonary complications.8 In a 
recent survey of over 12,000 diagnostic and/or therapeutic 
colonoscopies, the occurrence of cardiopulmonary 
complications necessitated termination of the examination 
in 0.25%.9 With the steady increase of primary and 
follow-up screening colonoscopies, performed in relatively 
healthy populations, it is important that data are obtained 
on the frequency and severity of cardiopulmonary events 
and to identify factors associated with their occurrence. 
The primary aim of the present observational study was 
to assess the frequency of cardiopulmonary events during 
screening with primary colonoscopy and to identify subject- 
and procedure-related factors associated with these events.

P o P U l a t i o n  a n d  M e t H o d s

study population and colonoscopic procedure
Employees (50 to 65 years) of the Academic Hospital 
Maastricht, the Netherlands, were invited for colorectal 
cancer screening by primary colonoscopy. During an 
appointment prior to the colonoscopy, a standardised 
short medical history, medication used, and weight were 
registered by an experienced nurse. Subjects were excluded 
if they had undergone a colonoscopy within the previous 
five years, reported severe comorbidity increasing the risk 
of colonoscopy, were under surveillance for colorectal 
neoplasia and/or had onset of acute gastrointestinal 
symptoms in the previous three months. 
The study protocol was approved by the Dutch Health 
Council (Ministry of Health) and the local medical ethics 
committee. All participants gave written informed consent.

Colonoscopic procedure
A total of 214 unselected, consecutive screening 
colonoscopies were performed by four experienced 
endoscopists and information on the endoscopic procedure, 
including objective colonoscopy quality indicators10 and 
reasons for incomplete procedures, were registered using 
a standardised form. 
A polyethylene glycol-based electrolyte solution (Klean 
Prep, Norgine b.v., Higher Denham, UK) had been given 
as bowel cleansing, starting 24 hours before colonoscopy. 

All participants were offered conscious sedation, 
consisting of midazolam and pethidine. A starting dose 
was administered intravenously (i.v.) prior to colonoscopy 
and in case of discomfort during the procedure an 
additional dose could be given. After caecal intubation, 
the antispasmodic/anticholinergic agent scopolamine 
butyl bromide 20 mg was given i.v. in order to relax the 
colonic wall before instrument retraction for thorough 
control of the mucosal surface. In case of contraindications 
medication was not administered. Sedation levels were 
registered using level 1 for ‘awake’, level 2 for ‘sleepy’, 
level 3 for ‘eyes closed, reacts to verbal stimuli’ (level 2+3 
are targets of conscious sedation), level 4 for ‘eyes closed, 
reacts to physical stimuli’ (deep sedation), and level 5 for 
‘eyes closed, no reaction to verbal or physical stimuli’ 
(general anaesthesia).11,12

Cardio respiratory monitoring
Prior to, during and 10 minutes after colonoscopy, 
pulse rate, blood oxygenation, and a three-channel 
electrocardiogram (ECG) were monitored continuously in 
all procedures. Furthermore, systolic (SBP) and diastolic 
(DBP) blood pressure were measured every five minutes. 
Hypoxaemia was defined as oxygen saturation (SaO

2
) below 

90%, lasting several seconds, oxygen being supplemented 
by nasal catheter if the SaO

2
 did not immediately normalise 

spontaneously. A pulse rate below 60 min-1 was defined as 
bradycardia. Hypotension was defined as an SBP below 90 
mmHg. Mean arterial pressure (MAP) was calculated as: 
MAP= DPB + 1/3 x (SBP-DBP). 

Questionnaires
Before colonoscopy, a standardised questionnaire was 
completed by the participants on medical history (e.g. 
smoking, hypertension, pulmonary and/or cardiac disease) 
and after colonoscopy another questionnaire on symptoms 
during as well as complications and/or symptoms in the 
first month after the procedure.

statistical analysis
Dichotomous variables were compared using a c2 test, 
with Fisher’s exact test when necessary. Parametric 
continuous variables were compared using a Student’s 
t-test. Significant variables identified were subsequently 
included in multivariate logistic regression models, 
adjusted for age and gender for the following outcome 
measures: hypoxaemia, bradycardia, and hypotension. 
All tests were conducted using SPSS version 15.0 (SPSS 
inc, 2006) and a p-value below 0.05 was considered to be 
statistically significant (using two-sided tests). 
As hypoxaemia was expected to be the most frequent 
cardiopulmonary event, its frequency of occurrence was 
defined as the primary outcome measure. Bradycardia and 
hypertension were secondary outcome measures. 
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With an a of 0.05 and power of 80%, we were able to detect 
a minimal difference of 20% in characteristics between 
groups for hypoxaemia (group sizes 119 and 95), of 25% 
for hypotension (group sizes 19 and 195), and of 32% for 
bradycardia (group sizes 12 and 202).

r e s U l t s

study population and colonoscopy procedure
The study population had a mean age of 54.0±3.8 
years, and consisted of 84 men (39.3%) and 130 women 
(60.7%). A medical history of hypertension, pulmonary 
or cardiac disease was present in 41 (19.3%), 11 (5.1%), and 
8 (3.8%) subjects, respectively. Furthermore, 36 (16.8%) 
participants were current smokers. In total, the American 
Society of Anesthesiologists (ASA) physical status was 
classified as I/II in 85.5% and III in 14.5% of participants. 
Medical history was the reason for exclusion in only one 
subject.
In total, 214 subsequent and unselected screening 
colonoscopies were monitored. Caecal intubation rate 
was 92.0%. Adenomas were detected and removed in 51 
participants (23.8%). In total 211 (98.6%) participants had 
chosen to undergo colonoscopy under conscious sedation. 
No major complications such as bleeding or perforation 
occurred during or were reported up to one month after 
colonoscopy. 

Cardiopulmonary events
Hypoxaemia, bradycardia, and hypotension, as previously 
defined, occurred in 119 (55.6%), in 12 (5.6%), and in 
19 (8.9%) subjects, respectively, during the colonoscopy 
procedure. Apart from bradycardia, no relevant ECG 
changes occurred during or up to ten minutes after 
colonoscopy. Major cardiopulmonary complications (e.g. 
symptomatic myocardial ischaemia or dysrhythmias) did 
not occur during colonoscopy, nor were they reported by 
participants in the one month follow-up period. 
Mean baseline values just before the start of the 
colonoscopy were 97.4±1.8% for oxygen saturation, 
77.3±14.9 min-1 for pulse rate, 147.8±20.8 mmHg for SBP, 
and 108.2±13.9 mmHg for MAP.

In the group with hypoxaemia, the mean of the lowest 
SaO

2
 value reached was 86.7±2.9% with a mean 

time of occurrence of 13.2±8.3 min after start of the 
procedure. Oxygen was supplemented in 82 of these 119 
cases (68.6%). In colonoscopies in which hypoxaemia 
occurred compared with those without hypoxaemia, the 
mean procedure time was longer (31±12 vs 28±12 min, 
p=0.046), mean dosages of midazolam (0.06±0.02 vs 
0.05±0.02 mg/kg, p=0.000) and pethidine (0.71±0.18 
vs 0.58±0.22 mg/kg, p=0.000) were higher, sedation 

level 3 was more frequent (63.6 vs 25.0%, p=0.000), 
level 1 (10.2 vs 32.6%,p=0.00) and level 2 (22.9 vs 42.4%, 
p=0.003) were less frequent, and severe abdominal pain 
during colonoscopy was more frequent (15.0 vs 3.7%, 
p=0.012) (table 1). In a multivariate regression analysis only 
sedation level 3 (conscious sedation) was associated with 
hypoxaemia (OR 4.8, CI 1.7 to 13.7). 
When using a lower cut-off level for hypoxaemia, as 
recently proposed by Cotton et al.,13 19 participants (8.9%) 
had an SaO

2 
below 85%. In this group no statistically 

significant subject- or procedure-related differences were 
found compared with the group with an SaO

2 
≥85%.

table 1. Differences between participants with or without 
hypoxaemia (SaO

2 
<90) during colonoscopy 

oxygen saturation

Hypox-
aemia
n=119

normal
n=95

p 
value*

Participants

Age 54.4 
±3.9

53.6 
±3.6

0.128

Gender: % women 63.0 57.9 0.483

BMI (kg/m2) 24.7 25.0 0.585

Current smoking % 14.3 20 0.276

History of pulmonary disease % 5.0 5.3 1.000

History of cardiac disease % 2.6 5.3 0.471

History of hypertension % 20.4 18.5 0.730

ASA classification

- I/II 87.4 84.0 0.560

- III 12.6 16.0

Procedures

Procedure time (min) 31 ±12 28 ±12 0.046

Caecal intubation rate % 89.8 94.7 0.214

Sedation medication 

- Midazolam (mg/kg) 0.06 
±0.02

0.05± 
0.02

0.000

- Pethidine (mg/kg) 0.71 
±0.18

0.58± 
0.22

0.000

Sedation level %

1. Awake 10.2 32.6 0.000

2. Sleepy (anxiolysis) 22.9 42.4 0.003

3. Eyes closed, reacts to verbal 
stimuli (conscious sedation)

63.6 25.0 0.000

4. Eyes closed, reacts to physical 
stimuli (deep sedation)

2.5 0 0.258

5. Eyes closed, unarousable (general 
anaesthesia)

0.8 0 1.000

Polypectomy and/or biopsies % 52.9 50.5 0.784

Severe abdominal pain during  
colonoscopy^ %

15.0 3.7 0.012

Variables presented as mean ± sd, or %; ^no significant findings for all 
other symptoms during colonoscopy; *based on c2 or student’s t-test
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In the group with bradycardia, the mean lowest value was 
43.6 min-1 ± 4.0 and the mean time of occurrence was 
7.0±3.3 min after procedure start. The mean procedure 
time was longer compared with those without bradycardia 
(38±12 vs 29±12 min, p=0.014) (table 2). This factor was 
not significant in the multivariate regression analysis. Two 
participants had a pre-colonoscopy bradycardia, but had 
normal pulse rates during colonoscopy. 

In the entire study group, blood pressure values were 
higher before (148±20.8 mmHg for SBP) than at the end 
of colonoscopy (125±16.4 mmHg for SBP). With respect 
to hypotension (n=19), the mean nadir SBP was 81.7±7.8 

mmHg. The mean procedure time after which hypotension 
occurred was 19.0±16.6 min. In all participants with 
hypotensive events, blood pressure normalised 
spontaneously without i.v. fluid administration. In 13 out of 
the 19 subjects (68.4%) the pulse rate remained within the 
normal range, the remainder showed a bradycardia during 
the hypotensive event. In one case, the hypotensive event 
was registered as reason for not completing the colonoscopy. 
The mean decrease in MAP during colonoscopy compared 
with the baseline MAP was 13±2.3%. A relative decrease of 
more than 40% occurred in 20 patients (9.3%). 
Colonoscopies in which hypotension occurred were less 
often complete (68.4 vs 94.3%, p=0.001), and biopsies 
and/or polypectomies were less frequently performed (26.3 
vs 54.4%, p=0.029) (table 3). In multivariate regression 
analysis, only incomplete colonoscopy (OR 5.3, CI 1.6 to 
18.1) was associated with hypotension. 

d i s C U s s i o n

With the steady increase of primary and follow-up 
screening colonoscopies, performed in average 
risk subjects, data on the frequency and severity of 
cardiopulmonary events and on factors associated 
with their occurrence in a screening setting, are of 
clinical importance. In 214 consecutive screening 
colonoscopies, no major complications occurred; 
however, monitoring revealed a frequent occurrence 
of minor cardiopulmonary events. Mainly procedure-
related and not subject-related factors were found to be 
associated with their occurrence.
Of all cardiopulmonary events, hypoxaemia (<90%) 
occurred most frequently in more than half of the 
colonoscopies. It should be noted that the clinical relevance 
of these hypoxaemic events and the clinical relevance of 
the cut-off level to be used are still under debate. With a 
cut-off level of SaO

2
 <85%, as recently proposed during an 

American Society for Gastrointestinal Endoscopy (ASGE) 
workshop,13 only 8.9% of the participants would have had 
such an event. However, it should be taken into account 
that oxygen administration was immediately started upon 
an SaO

2
 <90 % and this might have prevented a further 

decrease of the SaO
2 
to <85%.

 

A conscious sedation level, which is usually reached 
when using moderate doses of midazolam and pethidine, 
increased the risk for the occurrence of hypoxaemia 
(defined as SaO

2
 <90%).11 No differences were found in 

person- and procedure-characteristics between participants 
with SaO

2
 below or above 85%. This may be due to small 

sample size (i.e. 19 subjects with SaO
2
 <85%). 

A high frequency of oxygen desaturation occurring 
in colonoscopies under conscious sedation has been 
reported by others, although with a substantial 

table 2. Differences between participants with or 
without bradycardia (pulse rate <60min-1) during 
colonoscopy 

Pulse rate

brady-
cardia
n=12

normal
n=202

p 
value*

Participants

Age 54.6 
±4.3

54.0 
±3.7

0.600

Gender: % women 66.7 60.4 0.768

BMI (kg/m2) 24.9 24.2 0.517

Current smoking % 0 17.8 0.225

History of pulmonary disease % 0 5.4 1.000

History of cardiac disease % 0 4.0 1.000

History of hypertension % 33.3 18.5 0.253

ASA classification

- I/II 85.6 83.3 0.687

- III 14.4 16.7

Procedures

Procedure time (min) 38 ±12 29 ±12 0.014

Caecal intubation rate % 83.3 92.5 0.246

Sedation medication 

- Midazolam (mg/kg) 0.06± 
0.03

0.06± 
0.02

0.801

- Pethidine (mg/kg) 0.67± 
0.22

0.65± 
0.21

0.715

Sedation level %

1. Awake 16.7 20.2 1.000

2. Sleepy (anxiolysis) 16.7 32.3 0.347

3. Eyes closed, reacts to verbal 
stimuli (conscious sedation)

58.3 46.0 0.553

4. Eyes closed, reacts to physical 
stimuli (deep sedation)

8.3 1.0 0.163

5. Eyes closed, unarousable (general 
anaesthesia)

0 0.5 1.000

Polypectomy and/or biopsies % 50.0 52.0 1.000

Severe abdominal pain during  
colonoscopy^ %

22.2 9.3 0.221

Variables presented as mean ± sd, or %; ^no significant findings for all 
other symptoms during colonoscopy; *based on c2 or student’s t-test
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variation (33 to 64%).7,14,15 This variation may result from 
differences in medication (e.g. propofol), differences in 
population characteristics or use of various cut-off levels. 
Furthermore, in some studies O

2
 was administered 

preventively or hypoxaemia was defined as such only if it 
lasted for a certain predefined period of time. Since many 
studies have reported high frequencies of hypoxaemia, 
it has been suggested that preventive O

2 
administration 

should be considered, but results from studies are 
conflicting.11,16 Some studies have been shown a reduction 
of the frequency and/or the magnitude of desaturation,17 

whereas others have reported a higher frequency of 
cardiopulmonary ‘unforeseen’ events when preventive O

2
 

was administered.18

Bradycardia and hypotension occurred in 6% and 9% of 
colonoscopies, respectively. This is in line with literature 
data showing rates of 12% for bradycardia and 6 to 
19% for hypotension during diagnostic and therapeutic 
colonoscopies using various sedatives.6,14,19-21 It should be 
noted that for the detection of differences in subject- or 
procedure-related factors, the sizes of the groups with 
hypotension and bradycardia were small. Therefore, 
some potential risk factors, with a weaker association, 
might have been missed. However, differences in 
procedure-related factors were found for these group. In 
the subsequent multivariate analysis no association of 
subject- and/or procedure-related factors with bradycardia 
were identified but an incomplete colonoscopy was found 
to be associated with the occurrence of hypotension. 
Hypotension was the reason to interrupt the procedure 
in only one subject. Therefore, occurrence of hypotension 
is not an explanation for incomplete colonoscopy 
procedures. A more plausible explanation might be that 
in incomplete colonoscopies abdominal pain was more 
frequently present, the dosages of sedatives used were 
higher, and the sedation level reached was deeper (data 

not shown). Therefore we hypothesise that hypotension 
may have occurred as a vaso-vagal reaction due to pain 
and/or as a consequence of higher dosages of sedatives 
used.
In general, no association was found between pre-existing 
morbidity and the occurrence of hypoxaemia, hypotension 
or bradycardia. It has, however, to be considered that 
this workplace-based population consisted of relatively 
healthy and health-conscious subjects, in whom the 
severity of morbidity was probably lower than in 
many other screening and in most diagnostic and 
therapeutic colonoscopy populations, in whom a higher 
ASA classification has been shown to increase the 
risk for cardiopulmonary events.22 Furthermore, in the 
present study, having the advantage of the application 
of a pre-screening medical interview, one subject was 
excluded based on severe comorbidity. Exclusion of such 
subjects with severe comorbidity might further reduce the 
incidence cardiopulmonary events.

We conclude that, even though the population was 
relatively healthy, hypoxaemia, arterial hypotension and 
bradycardia frequently occur during CRC screening 
with primary colonoscopy under conscious sedation. 
Procedure-related and not subject-related factors were 
associated with their occurrence. 
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table 3.Differences between participants with or without 
hypotension (SBP <90 mmHg) during colonoscopy 

blood pressure

Hypo-
tension
n=19

normal
n=195

p 
value*

Participants

Age 55.0 
±4.2

53.9 
±3.7

0.293

Gender: % women 63.2 60.5 1.000

BMI (kg/m2) 24.9 24.2 0.349

Current smoking % 5.3 17.9 0.210

History of pulmonary disease % 0 5.6 0.604

History of cardiac disease % 10.5 3.1 0.154

History of hypertension % 15.8 19.7 1.000

ASA classification

- I/II 85.1 89.5 1.000

- III 14.9 10.5

Procedures

Procedure time (min) 34 ±15 29 ±12 0.120

Caecal intubation rate % 68.4 94.3 0.001

Sedation medication 

- Midazolam (mg/kg) 0.06± 
0.02

0.06± 
0.02

0.495

- Pethidine (mg/kg) 0.71± 
0.13

0.65± 
0.22

0.220

Sedation level %

1. Awake 5.3 21.5 0.132

2. Sleepy (anxiolysis) 42.1 30.4 0.308

3. Eyes closed, reacts to verbal 
stimuli (conscious sedation)

52.6 46.1 0.635

4. Eyes closed, reacts to physical 
stimuli (deep sedation)

0 1.6 1.000

5. Eyes closed, unarousable (general 
anaesthesia)

0 0.5 1.000

Polypectomy and/or biopsies % 26.3 54.4 0.029

Severe abdominal pain during  
colonoscopy^ %

23.1 8.9 0.125

Variables presented as mean ± sd, or %; ^no significant findings for all 
other symptoms during colonoscopy; *based on c2 or student’s t-test
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a b s t r a C t

Cyclophosphamide is an alkylating agent used in 
antineoplastic and immunosuppressive therapies. 
symptomatic hyponatraemia is a rare but life-threatening 
complication in patients treated with cyclophosphamide. 
We report the case of a 64-year-old woman with breast 
cancer who developed severe symptomatic hyponatraemia 
with a generalised seizure and convulsions after a second 
cycle of adjuvant chemotherapy with 5-fluouracil, epirubicin 
and cyclophosphamide. she completely recovered 
after correction of the serum sodium concentration 
without neurological deficits. Physicians prescribing 
cyclophosphamide, irrespective of the treatment 
indication and dosage, should be aware of this potentially 
life-threatening complication.

k e y W o r d s

Cyclophosphamide, adverse effects, hyponatraemia

i n t r o d U C t i o n

Severe hyponatraemia (serum sodium <120 mmol/l) is a 
serious electrolyte disorder with potential life-threatening 
neurological complications. It has been reported in 
association with a variety of anticancer drug regimens 
including cytotoxic agents as vinca alkaloids, platinum 
compounds and alkylating agents.1 
Cyclophosphamide, an alkylating agent, is widely used 
to treat malignant neoplasms and can be effective in 
the treatment of several rheumatic diseases. We report a 
patient with severe, symptomatic hyponatraemia which 
occurred during the second chemotherapy cycle containing 
cyclophosphamide.

C a s e  r e P o r t

A 64-year-old woman, suffering from a pT1cN1aG1M0 
carcinoma of the left breast, was planned to receive three 
cycles of adjuvant chemotherapy containing 5-fluouracil 
500 mg/m2, epirubicin 100 mg/m2 and cyclophosphamide 
500 mg/m2 (FEC) with a three-week time interval. Her 
medical history included depression and anxiety disorder 
for which she was treated with flurazepam and alprazolam. 
Three months before chemotherapy, citalopram was 
prescribed with a stepwise increase in dosage. Seven years 
before she also had been treated with citalopram in a dose 
of 40 mg for her depression, without any side effects. 

C a s e  r e P o r t

Cyclophosphamide-induced symptomatic 
hyponatraemia

D.M. Bruining1*, E.N. van Roon2, H. de Graaf 1, M. Hoogendoorn

Departments of 1Internal Medicine, 2Clinical Pharmacology, Medical Centre Leeuwarden, 
the Netherlands, *corresponding author: tel.: +31 (0)58 28 619 91, fax +31 (0)58-28 666 06,  

e-mail Martijn.Bruining@ZNB.NL

What was known on this topic? 
Severe hyponatraemia after administration of 
low-dose cyclophosphamide therapy (<15 mg/kg) is 
extremely rare. The exact mechanism of action is 
unclear. A direct toxic effect of cyclophosphamide 
or its metabolites on renal collecting tubules 
or an antidiuretic hormone-like activity of 
cyclophosphamide metabolites has been suggested. 

What does this case add?
In this case, severe hyponatraemia with neurological 
symptoms occurred shortly after administration of 
low-dose cyclophosphamide. No definite mechanism 
of action could be elucidated. A potential role for 
citalopram as a contributing causal factor can not be 
excluded. Physicians should be aware of contributing 
factors, such as renal failure, drug interactions and 
extreme water intake. 
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The first cycle of chemotherapy was uneventful. Ten days 
before the second cycle the dosage of citalopram was 
increased from 30 mg to 40 mg daily. On day 1 of the 
second cycle, normal renal function and serum potassium 
were observed. The serum sodium concentration was 
134 mmol/l (normal 135 to 145 mmol/l). Concomitant 
with chemotherapy, the patient was hydrated with 0.5 
litre of isotonic saline. Antiemetic therapy consisted 
of dexamethasone and ondansetron. Furthermore, the 
patient ingested approximately 1.5 to 2 litre of tea and 
water after administration of chemotherapy. She reported 
dizziness in the evening of day 1 and was advised to take 
extra dexamethasone. On the second day, 28 hours after 
chemotherapy, she developed a generalised seizure with 
convulsions, after a period of impaired consciousness 
and incoherent speech. At the emergency ward a Glasgow 
Coma Score of 3 was observed. Her blood pressure was 
128/54 mmHg with a pulse of 68 beats/min. She was 
euvolaemic and had an urine output of 80 ml in the first 
hour after admission. Laboratory tests showed a serum 
sodium of 107 mmol/l, urinary sodium of 29 mmol/l and 
serum potassium at 4.6 mmol/l (normal 3.5 to 5.0 mmol/l). 
The CT scan of the brain revealed no abnormalities. 
Her sodium deficit was calculated at 480 mmol, with a 
desired serum sodium of at least 120 mmol/l. Because 
of the severity of the symptoms, urgent intervention 
with hypertonic saline infusion (800 ml NaCl 3% at 100 
ml/h) was initiated on the intensive care unit and the 
citalopram was discontinued. Within 12 hours, the serum 
sodium concentration rose gradually from 104 mmol/l 
to 120 mmol/l and the patient slowly recovered from her 
neurological symptoms. During the next five days, the 
serum sodium concentration was slowly corrected up to 
135 mmol/l by infusion of isotonic saline (table 1). The 
patient was discharged asymptomatically after seven days. 

Reintroduction of citalopram in a dose of 20 mg did not 
induce a fall of the serum sodium concentration.
On day 22 the patient received the third chemotherapy 
cycle without administration of cyclophosphamide. This 
cycle was well tolerated without neurological symptoms or 
electrolyte imbalances. 

d i s C U s s i o n  a n d  r e V i e W  o f  t H e 
l i t e r a t U r e

A deep hyponatraemia with severe neurological symptoms 
was observed in our patient within 28 hours after 
administration of the second cycle of FEC chemotherapy. 
In the absence of structural brain lesions, no evidence for 
renal, heart or liver failure, no hypothyroidism, and adrenal 
insufficiency highly improbable with dexamethasone 
gifts before and after chemotherapy, the hyponatraemia 
is considered to be chemotherapy related and very likely 
cyclophosphamide related. 

Cyclophosphamide can induce severe hyponatraemia. This 
life-threatening side effect was first described in patients 
treated with high-dose i.v. cyclophosphamide (30 to 40 
mg/kg), and later in patients treated with moderate doses 
(20 to 30 mg/kg).2,3 There are a small number of cases of 
severe hyponatraemia after administration of low-dose 
cyclophosphamide therapy (<15 mg/kg).4-11 These data are 
summarised in table 2.

The exact mechanism of action is unclear. The syndrome 
of inappropriate antidiuretic hormone secretion 
(SIADH) has been proposed in a fatal case of severe 
hyponatraemia in a patient who had received high-dose i.v. 
cyclophosphamide.3 Post-mortem examination revealed 

table 1. Serum electrolytes, clinical chemistry values and neurological state pre and post chemotherapy

normal range 1 hour before 
chemotherapy

28 hours post 
chemotherapy

42 hours post 
chemotherapy

5 days post 
chemotherapy

Haemoglobin 7.2-9.8 mmol/l 7.4 6.7 ND ND

Haematocrit 0.35-0.47 l/l 0.34 0.29 0.30 ND

Glucose 3.5-7.8 mmol/l 8.0 7.5 6.3 ND

Sodium 135-145 mmol/l 134 107 120 135

Potassium 3.5-5.0 mmol/ 4.8 4.6 4.3 ND

Creatinine 50-90 mmol/l 60 54 ND ND

Urea 2.0-4.0 mmol/ ND 3.8 ND ND

Urinary sodium (variable) mmol/ ND 29 ND ND

TSH mU/ ND ND 2.6 ND

Neurological symptoms Generalised seizure 
and convulsions

Sedated and 
intubated

Sedated and 
intubated

No neurological 
deficits

nd = not determined, tsH = thyroid-stimulating hormone.
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loss of Herring’s bodies and degranulation of various 
hypothalamic neurosecretory organelles, which supported 
this hypothesis. In other cases, no rise of antidiuretic 
hormone (ADH) concentrations could be demonstrated.2,8 
Interesting is the case of a girl with established 
diabetes insipidus who developed hyponatraemia after 
cyclophosphamide infusion despite an inability to secrete 
ADH.12 A direct toxic effect of cyclophosphamide or its 
metabolites on renal collecting tubules or an antidiuretic 
hormone-like activity of cyclophosphamide metabolites, 
has been suggested.4 Solely based on the euvolaemic state 
of our patient and the urinary sodium of >20 mmol/l 
neither mechanism can be confirmed or ruled out in this 
case.
Patients in a recent series of three cases of severe 
hyponatraemia were reported to have ingested extreme 
amounts of fluids in a short time after cyclophosphamide 
infusion (table 2). Since our patient drank only two litres 
of fluids after the cyclophosphamide, this is insufficient 
to explain her deep hyponatraemia. In general, physicians 
should be aware of extreme water intake in patients treated 
with cyclophosphamide. Not seldom patients are advised to 
drink substantial amounts of water to reduce the risk of the 
side effect of haemorrhagic cystitis. 
Other factors that may contribute to the severity of the 
hyponatraemia as described in previous cases are the 
presence of renal failure and hypoalbuminaemia and drug 
interactions with non-steroidal anti-inflammatory drugs 
or concomitant administration of platinum compounds, 
such as cisplatin (table 2). In our case, a potential role for 
citalopram in the induction of the severe hyponatraemia 
can not be excluded, although treatment with citalopram 

in the past was uneventful and rechallenge with citalopram 
did not induce a rebound hyponatraemia. Based on the 
Naranjo causality scale, a ten-question-based method for 
estimating the causality of adverse reactions and drug use, 
the causal relationship between cyclophosphamide and 
citalopram and the hyponatraemia is estimated as probable 
and possible, respectively.13 Causality of an interaction 
phenomenon between cyclophosphamide and citalopram 
using the drug interaction probability scale of Horn et al. 
was estimated as doubtful.14

In conclusion, physicians prescribing cyclophosphamide, 
irrespective of the treatment indication and dosage, 
should be aware of the acute, potentially life-threatening 
complication of severe hyponatraemia.
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table 2. Published reports of hyponatraemia after low-dose i.v. cyclophosphamide

indication of treatment age (years) 
and sex

Cyclopho-
sphamide 
dosage

serum 
sodium 
(mmol/l)

Possible influencing 
factors

(estimated) fluid 
intake (l/h)

references

Multiple myeloma 68, male 500 mg, iv 108 Concomitant use of 
indomethacin

3l/24h 4

SLE 59, female 10 mg/kg, iv 116 - 2.4l/24h 5

Sjögren’s disease 57, female 780 mg, iv 117 - >0.95l/6h 6

SLE 48, female 750 mg, iv 119 - 3l/24h 7

SLE 53, female 500 mg, iv 119 - 3l/2h 7

ANCA-related 
glomerulonephritis

70, female 50 mg, iv 108 Renal failure and 
hypoalbuminaemia

>2l/12h 8

Neuro-Behcet 43, male 15 mg/kg 107 High fluid intake 6l/6h 9

Polyarteritis nodosa 46, female 15 mg/kg 112 High fluid intake 10l/12h 9

SLE 30, female 15 mg/kg 106 Renal involvement in 
SLE, high fluid intake

5l/8h 9

Diffuse cutaneous systemic 
sclerosis

49, female 500 mg 106 - Unknown 10

Metastatic adenocarcinoma 
of the small salivary glands

69, female 500 mg/m2 116 Concomittant admin-
istration of cisplatin

Unknown 11

Breast cancer 64, female 500 mg/m2 107 - 2l/24h This case

anCa = antineutrophil cytoplasmic autoantibodies, iv = intravenous, sle = systemic lupus erythematosus.
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d i a G n o s i s

An aberrant location of a central venous catheter is 
observed in approximately 5 to 10% of all procedures.1 
The majority of malpositions concern the descending 
aorta, a persistent left superior vena cava or one of the 
local smaller veins (e.g., the left internal thoracic vein, the 
cardiophrenic vein or the left superior intercostal vein).2 
Among the more serious complications of malpositioning 
are hydromediastinum after perforation of a small 

vein and pericardial tamponade due to a lesion of the 
pericardio phrenic vein. Extravascular (e.g. mediastinal, 
pericardial or pleural) positioning of the venous catheter 
has also been described.3 Extravascular malpositions are 
excluded in the presence of smooth aspiration of blood 
through all lumina. Additionally, diagnostic procedures 
such as a chest radiography, administration of intravenous 
contrast, blood gas analysis, and assessment of the venous 
pressure, can clarify the situation. In the present case the 
malposition, in a superior intercostal vein (figure 2), did not 
have consequences.

a C k n o W l e d G e M e n t

A. Sikkenk, radiologist, evaluated the chest radiograph.
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a n s W e r  t o  P H o t o  Q U i Z  ( P a G e  1 8 4 )

a  P o s t o P e r a t i V e  P U Z Z l e

figure 2. Chest X-ray showing central venous catheter 
in left superior intercostal vein (arrow)
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a b s t r a C t

a diver was resuscitated after cardiac arrest due to near 
drowning and was hypothermic on hospital arrival. 
during rewarming, status epilepticus occurred, previously 
identified as a predictor of poor outcome. the seizures 
responded well to treatment with antiepileptic drugs 
and controlled hypothermia. after six weeks, the patient 
had completely recovered. this case supports the 
hypothesis that hypothermia offers neuroprotection, even 
in the presence of status epilepticus. We recommend 
that near-drowning victims who are comatose after 
resuscitation for cardiac arrest be treated with controlled 
mild hypothermia for 12 to 24 hours.

k e y W o r d s

Brain hypoxia, induced hypothermia, near drowning, 
resuscitation, status epilepticus

i n t r o d U C t i o n

Controlled hypothermia is recommended in the resuscitation 
guidelines created by the International Liaison Committee 
on Resuscitation (ILCOR) to limit neurological damage 
in patients resuscitated for out-of-hospital cardiac arrest.1 
Although evidence about temperature management in 
resuscitated near-drowning victims is lacking, it has 
been recommended to treat these patients in a similar 
way.2 Nevertheless, reports about the results of controlled 
hypothermia in near-drowning victims are scarce.3-6 In 
this case report, we present a near-drowning victim who 
recovered completely after treatment with controlled 
hypothermia, despite postanoxic status epilepticus, which 
has previously been identified as a predictor of poor outcome.

C a s e  r e P o r t

recovery from near drowning and postanoxic 
status epilepticus with controlled hypothermia

A.C.J.M. de Pont1*, C.P.C. de Jager2, W.M. van den Bergh1, M.J.Schultz1

1Department of Intensive Care, Academic Medical Centre, University of Amsterdam, Amsterdam, 
2Jeroen Bosch Hospital, ’s-Hertogenbosch, the Netherlands, *corresponding author: 

tel.: +31 (0)20 566 25 09, fax: +31 (0)20 566 95 68, e-mail: a.c.depont@amc.uva.nl

C a s e  r e P o r t

A 44-year-old male diver lost his mouthpiece and was 
found pulseless with asystolic heart activity 18 minutes 
later. Ten minutes after resuscitation was started, 
spontaneous circulation returned. On hospital arrival, 
the Glasgow Coma Score was 3 and the body temperature 
30.1 °C. The patient was mechanically ventilated and 
haemodynamically stable under sedation with propofol. 
The pupils were dilated and not reactive to light, while 
corneal and oculocephalic reflexes were absent. Laboratory 
results showed lactic acidosis (pH 7.01, lactate 20.3 
mmol/l). Since the clinical situation was stable and the 
core temperature was below 32 °C, the patient was allowed 
to rewarm according to international guidelines.1 However, 
the temperature accidentally rose to 38 °C and recurrent 
tonic-clonic seizures occurred, compatible with status 
epilepticus.7 Controlled hypothermia with a target of 
33 °C was applied for 24 hours and the seizures were 
treated with valproic acid and levetiracetam. Three days 
later, somatosensory evoked potentials revealed a bilateral 
intact N20 response and the electroencephalogram 
showed a slow background pattern without ictal activity. 
A week later, the patient regained consciousness and six 
weeks after the accident, he had completely recovered. 
Neuropsychological assessment six months after the 
accident showed no deficits. 

d i s C U s s i o n

Controlled hypothermia limits neurological damage in 
resuscitated patients and might therefore also be beneficial 
in resuscitated near-drowning victims.2 Successful use of 
controlled hypothermia in these patients has been reported 
previously.3-6 It is hypothesised that controlled hypothermia 
not only decreases cerebral metabolism, but also limits 
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the effects of ischaemia and reperfusion on the brain. 
Animal studies have shown that controlled hypothermia 
postpones ischaemic depolarisation and inhibits the 
increase in excitatory neurotransmitters such as glutamate 
and dopamine.8,9 In addition, controlled hypothermia 
inhibits the metabolism of arachidonic acid, limiting the 
production of cell membrane damaging metabolites such 
as prostaglandins and eicosanoids.10 Finally, controlled 
hypothermia has an anti-inflammatory effect: it inhibits 
the production of cytokines and adhesion molecules, 
thereby limiting polymorphonuclear cell infiltration and 
oxygen radical production.11

Controlled hypothermia might have added to the 
favourable outcome in our patient. To our knowledge, this 
is the first report of a near-drowning victim who recovered 
completely despite postanoxic status epilepticus, which 
previously has been identified as an independent predictor 
of poor neurological outcome when occurring within 
24 hours after cardiopulmonary arrest.12 In addition, a 
recent paper described two patients with postanoxic status 
epilepticus after resuscitation for primary cardiac arrest, 
who experienced a favourable outcome after treatment with 
controlled hypothermia.13 
Whether the fever occurring during rewarming 
precipitated the occurrence of status epilepticus in our 
patient remains speculative. Although it is well known that 
fever can induce seizures in animals and children, this has 
never been demonstrated in adults. Therefore, it seems 
unlikely that fever caused epilepsy in our patient. However, 
fever has been described as a phenomenon accompanying 
the presentation of status epilepticus.14

A limitation of the current case report is the fact that 
status epilepticus was not confirmed electrographically 
before treatment with anticonvulsive agents. The value 
of continuous amplitude-integrated electroencepha-
lography in patients with postanoxic status epilepticus 
has been described previously.15-17 In a recent study, 26 
of 95 resuscitated patients treated with hypothermia 
experienced postanoxic status epilepticus. The outcome 
of these patients was related to the way status epilepticus 
developed: two of ten patients with status epilepticus 
developing from a continuous background regained 
consciousness, whereas none of 16 patients with status 
epilepticus developing from suppression burst background 
did.15 In the two patients who regained consciousness, 
status epilepticus occurred after rewarming, just as in our 
patient. 
In summary, the current case supports the hypothesis 
that controlled hypothermia may offer neuroprotection 
in patients with postanoxic encephalopathy, even 
in the presence of status epilepticus. We recommend 
that near-drowning victims who are comatose after 
resuscitation for cardiac arrest be treated with controlled 
mild hypothermia for 12 to 24 hours.
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C a s e  r e P o r t

A 58-year-old Caucasian woman with no medical history 
presented with diarrhoea and fever after a short visit to 
the North-Western region of Thailand. She complained of 
pain in her lower legs and joints and altered fingers, toes 
and nails. A positive history for smoking (40 pack-years) 
was present. Physical examination showed clubbed fingers 
and toes with eye-glass shape of the nails, painful joints 
with no signs of arthritis (figure 1A). Body temperature 
was 38.5 °C; no haemodynamic and respiratory instability 
was found. Additional laboratory investigation showed an 
erythrocyte sedimentation rate of 42 mm/U, leucocytes of 
13.6 x 109/l, platelet count of 419 x 109/l and a C-reactive 
protein of 48 mg/l. Because of her recent visit to the 
tropics, infectious disease was suspected, but blood and 
stool cultures were negative. No parasites were found in 
the stools. Serological and endoscopic examination for 
Whipple’s disease, Yersinia and HIV were negative. An 
X-ray of her lower legs was performed which revealed a 
periostitis (figure 1B).

W H a t  i s  y o U r  d i a G n o s i s ? 

See page 200 for the answer to this photo quiz.

P H o t o  Q U i Z
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figure 1a. Clubbed fingers with eye-glass shape of the 
nails 

figure 1b. Periosteal reaction in the proximal tibia and 
fibula and the distal femur
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d i a G n o s i s

The PET/CT revealed increased uptake of 18-fluorodeoxy-
 glucose in the aorta and its large branches. This aortitis 
in a female patient beyond the age of 50 years made us 
assume the diagnosis of giant cell arteritis (GCA). A 
temporal biopsy was taken at random, since the temporal 
arteries were pulsatile and nontender. It confirmed the 
diagnosis GCA by showing mononuclear cell infiltration 
of the arterial wall and intima proliferation (figures 2A 

and 2B). Treatment with prednisolone 60 mg/day made 
the symptoms disappear within one week, including the 
cough.
GCA is a relatively common vasculitis of the medium and 
large arteries. The most frequent symptoms include a 
new-onset headache, jaw claudication and stiffness and/
or pain in the shoulder and pelvic girdles. This patient 
had none of these symptoms. Instead, she presented 
with a persistent nonproductive cough. Respiratory 
tract symptoms are unusual manifestations of GCA. 
Nevertheless, it has been estimated that respiratory tract 
symptoms affect 9% of the patients with GCA, while 
being the initial manifestation in 4%.1 Besides a (non)
productive cough and dyspnoea, the reported respiratory 
tract symptoms include pleuritic pain, a sore throat and 
hoarseness.1 Radiological changes of the lungs are rare, but 
can occur as nodules of variable size, reticular infiltrates, 
pleural effusions and pleural thickening.2 Involvement of 
the aorta can currently be visualised with a PET/CT, which 

shows inflammation of the aorta and its large branches in 
up to 76% of the patients with GCA.3 
The respiratory symptoms in this patient can be explained 
by inflammation of the aorta and peribronchial vasculature 
causing stimulation of the bronchial cough receptors.4 
Awareness that GCA can present with atypical symptoms 
such as a nonproductive cough, can facilitate rapid 
diagnosis and treatment.
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figure 2b. A detail of the temporal artery biopsy, the 
single arrow and the double arrow mark infiltration of 
the cell wall by a group of macrophages and lymphocytes, 
respectively

figure 2a. Overview of the temporal artery biopsy 
showing GCA (haematoxylin-eosin stain), the single 
arrow marks intima proliferation and the double arrow 
marks mononuclear cell invasion of the arterial wall 
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d i a G n o s i s 

The symptoms and clinical signs of the patient were 
caused by a paraneoplastic sign called hypertrophic 
pulmonary osteoarthropathy (HPOA), also known as 
the Pierre-Marie-Bamberger syndrome. Additional 
investigation by chest X-ray and subsequent CT thorax 
revealed a mass in the right upper lung (figure 2). A lymph 
node biopsy confirmed adenocarcinoma of the lung. 
Typical signs of HPOA are symmetric periostoses on the 
diaphyses of the long tubular bones, clubbed fingers and 
toes with eye-glass shape of the nails, neuro-vegetative 
disturbances and dysproteinaemia. HPAO is strongly 
associated with lung carcinoma, but may also occur in a 
primary form, which is often familial and more common 
in males. Other secondary forms include carcinomas 
of the liver and gut, inflammatory bowel disease, liver 
cirrhosis, congenital cyanotic heart disease, pulmonary 
fibrosis, Graves’ disease, thalassaemia and many other 
rarer conditions.1 The incidence of HPAO associated with 
lung carcinoma is reported between 0.8 and 10%.2,3 The 
prevalence is higher in non-small cell lung carcinoma 

(NSCLC) than in small cell lung carcinoma (SCLC).4 
HPAO is associated with arteriovenous shunting, but the 
exact cause of HPAO is still unclear. Besides arteriovenous 
shunting humoral factors may play a role in HPOA. 
Production of growth factors such as platelet-derived 
growth factor and vascular-endothelial growth factor 
(VEGF), leading to angiogenesis, endothelial hyperplasia 
and clubbing may contribute to the onset of HPOA. 
Production of growth factor by malignant cells is the main 
source of endothelial stimulation and development of distal 
changes, although shunting due to local tissue destruction 
may contribute. Treatment is based on expert opinion as no 
clinical trials have been performed.5 Treatment is primarily 
focused on eliminating the aetiology of the HPOA (e.g. 
resection of the malignancy) and secondarily on treatment 
of symptoms of HPOA with NSAIDs, bisphosphonates, 
octreotide, vagotomy, and even chemotherapy with VEGF 
antagonists.5

This patient was treated for her adenocarcinoma 
with concurrent chemotherapy and radiotherapy and 
subsequently underwent surgery for lobectomy of the right 
upper lobe. 
In conclusion, patients with a history of smoking and signs 
of HPOA should be screened for primary or secondary 
lung cancer.

r e f e r f e n C e s

1.  Armstrong DJ, McCausland EM, Wright GD. Hypertrophic pulmonary 
osteoarthropathy (HPOA) (Pierre Marie-Bamberger syndrome): two cases 
presenting as acute inflammatory arthritis. Description and review of the 
literature. Rheumatol Int. 2007;27:399-402.

2.  Izumi M, Takayama K, Yabuuchi H, Abe K, Nakanishi Y. Incidence of 
hypertrophic pulmonary osteoarthropathy associated with primary lung 
cancer. Respirology. 2010;15:809-12.

3.  Segal AM, Mackenzie AH. Hypertrophic osteoarthropathy: a 10-year 
retrospective analysis. Semin Arthritis Rheum. 1982;12:220-32.

4.  Sridhar KS, Lobo CF, Altman RD. Digital clubbing and lung cancer. Chest. 
1998;114:1535-7.

5.  Nguyen S, Hojjati M. Review of current therapies for secondary 
hypertrophic pulmonary osteoarthropathy. Clin Rheumatol. 2011;30:7-13.

a n s W e r  t o  P H o t o  Q U i Z  ( P a G e  1 9 8 )
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figure 2. CT scan of chest, showing right upper lobe 
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a b s t r a C t

a 51-year-old farm worker presented with jaundice and fever. 
there had been a rat infestation around the farm ponds and 
in the shed. He was admitted to our hospital with acute renal 
and liver failure, thrombocytopenia and rhabdomyolysis. 
because of the clinical clues, leptospirosis was suspected and 
diagnosed in blood by polymerase chain reaction and serology. 
also his son, a co-worker on the farm, showed a positive 
serology. Clinicians should be aware of these occupational 
outbreaks and should recognise the clinical picture.

k e y W o r d s

Jarisch-Herxheimer, leptospirosis, outbreak, rhabdomyolysis, 
Weil’s disease

i n t r o d U C t i o n

Leptospirosis has been classified as an emerging infectious 
disease, particularly in (sub)tropical areas.1 In the 
Netherlands, leptospirosis historically has been associated 
with agricultural or recreational exposure risks.2 Exposures 
related to travelling to endemic countries have recently 
emerged as an important new cause of infection.3 However, 
occupational exposures continue to exist, which requires 
an on-going alertness in low endemic locations.
Fish workers are at considerable risk of leptospirosis as a 
result of rats attracted to the ponds and sheds where the 
fish food is stored. We describe a small outbreak among 
workers on a catfish farm and present a case of a patient 
with an acute life-threatening form of leptospirosis. 

C a s e  r e P o r t

A 51-year-old man who had been ill for five days with fever, 
sweating, headache, myalgia and limb weakness was 

s P e C i a l  a r t i C l e

leptospirosis in a dutch catfish farm
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admitted to our hospital. The patient’s medical history 
was, besides a history of fibromyalgia, unremarkable. 
He worked on a family-owned catfish farm. Physical 
examination showed a blood pressure of 134/87 mmHg, 
pulse of 110 beats/min, oxygen saturation of 96% and 
temperature of 36.4 °C.

 
There was an obvious jaundice 

and extreme tenderness of the legs. Lung and heart 
sounds were normal. Abdominal examination showed 
right upper quadrant pain without rebound tenderness or 
guarding. The laboratory findings were: creatine kinase 

What was known on this topic?
Leptospirosis is a zoonotic bacterial disease 
caused by pathogenic Leptospira, frequently 
carried by rodents. After infection, only a subset 
of patients develop the icteric form of the disease 
with severe late manifestations (Weil’s disease). In 
the Netherlands, leptospirosis is most frequently 
associated with recreational exposure or travelling 
to (sub)tropical countries.

What does this case add?
We describe a small outbreak of leptospirosis on a 
catfish farm and show that the severity of infection 
may range from subclinical to life-threatening. The 
icteric leptospirosis in our patient was complicated by 
rhabdomyolysis and a Jarisch-Herxheimer reaction, 
both of which are uncommon findings. Clinicians 
should be aware of this clinical picture. Additionally, 
the value of polymerase chain reaction for early 
diagnosis of leptospirosis was established. This 
case report stipulates the importance of exposure 
history, even in low-endemic countries such as the 
Netherlands. 
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(CK) 3547 U/l (<400 U/l), serum bilirubin 219 mmol/l 
(total), 193 mmol/l (conjugated), aspartate aminotransferase 
169 U/l (<40), alanine aminotransferase 37 U/l (<45), 
alkaline phosphatase (AF) 82 U/l (<150), gamma-glutamyl-
transferase 71 U/l (<65), serum urea 24.7 mmol/l (2.5 
to 7.5), creatinine 262 mmol/l (60 to 110), C-reactive 
protein 348 mg/l (<5), white cell count 16.2 x 109/l, and 
platelets 30 x 109/l. Chest radiography and abdominal 
ultrasound showed no abnormalities. He was admitted 
to the intensive care unit with acute renal and liver 
failure, thrombocytopenia and signs of rhabdomyolysis. 
Heteroanamnestic information revealed that there had 
been a recent rat plague on the catfish farm. The rats were 
eradicated by poisoning and subsequently eliminated from 
the shed with a high-pressure sprayer by our patient. Of 
the other employees on the family-owned fish farm, only 
the patient’s son had a history of an influenza-like illness 
during the previous month. The patient’s occupation 
and clinical presentation suggested the possibility of 
leptospirosis and intravenous cefotaxim was started. 
Rehydration, dialysis and platelet transfusion were 
necessary. One hour after the infusion of cefotaxim, he 
suddenly experienced rigors and a rapid decline in blood 
pressure which was attributed to a Jarisch-Herxheimer 
reaction. After ten days of treatment, the serum bilirubin, 
CK and platelets nearly normalised but the creatinine 
increased to 499 mmol/l. In total, the patient received 
dialysis for approximately six weeks. His urine output 
gradually increased and his kidney function slowly 
recovered.
The DNA of pathogenic leptospires was detected by 
polymerase chain reaction (PCR) in the blood (i.e. five 
days after the onset of illness). At that time, serological 
tests on the same blood sample were negative. A second 
serum sample was tested on hospital day 9, which 
showed a positive ELISA IgM with a titre of 1:1280. The 
microscopic agglutination test (MAT) was moderately 
positive, demonstrating weak reactions with eight of 
the ten leptospiral serogroup antigens but gave the 
strongest reaction with serotype icterohaemorrhagiae of 
the Icterohaemorrhagiae serogroup. Two months after 

the onset of illness, the MAT showed reactions with the 
serotype icterohaemorrhagiae of the Icterohaemorrhagiae 
serogroup and the serotype poi of the serogroup Javanica 
(table 1). Additionally, sera from the other family members 
were tested. The MAT of the son who had experienced 
an influenza-like illness showed an antibody titre of 
1:2560 against serotype icterohaemorrhagiae of the 
Icterohaemorrhagiae serogroup. The IgM was positive 
as well, indicating a very recent infection. The sera of the 
remaining family members were negative (table 1).

d i s C U s s i o n

The diagnosis of an uncommon disease usually 
depends on recognising an unusual combination of 
clinical findings. In the present case, jaundice, isolated 
hyperbilirubinaemia, high creatine kinase levels and renal 
failure following a febrile illness could be recognised as 
a pattern characteristic of leptospirosis. Crucial to these 
clinical findings is to realise the importance of the patient’s 
exposure history. Detailed information regarding the rat 
plague on the catfish farm was a major clue to the correct 
diagnosis.
Leptospirosis is a bacterial infectious disease caused 
by pathogenic leptospires of the genus Leptospira.4 The 
disease is maintained in nature by chronic renal infection 
of carrier animals, such as rodents, which transmit them 
through urine and consequently contaminate lakes or 
standing water. The portal of entry is generally through 
cuts in the skin or via conjunctiva, but inhalation of 
aerosols also may result in infection.1 
After a seven to ten day incubation period, leptospirosis 
starts with a bacteraemic phase marked by non-specific 
influenza-like illness of approximately one week followed 
by a second phase with production of antibodies, 
disappearance of leptospires from the blood and the 
appearance of spirochetes in urine ( figure 1). In humans, 
the majority of infections caused by leptospires are 
subclinical. However, a subset (5 to 15%) of patients 
develop the icteric form of the disease with severe late 

table 1. Diagnostic tests on the family members of the catfish farm

farm workers age (years) symptoms igM elisa 
(titre)

Mat
(titre)

serogroup 
(serotype)

PCr (blood) Culture 
(blood)

Father
(patient)

51 Jaundice, renal 
failure

640-1280 160-320

320-1280

Icterohaemorrhagiae
(icterohaemorrhagiae)
Javanica (poi)

Positive Negative

Mother 49 Healthy Negative Negative - n.p. n.p.

Child 1 21 Healthy Negative Negative - n.p. n.p.

Child 2 19 Flu-like illness 320 2560 Icterohaemorrhagiae
(icterohaemorrhagiae)

n.p. n.p.

Child 3 16 Healthy Negative Negative - n.p. n.p.

n.p. = not performed, Mat = microscopic agglutination test.
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manifestations four to six days after the onset of illness. 
The complications of icteric leptospirosis (Weil’s disease) 
emphasise the multisystemic nature of the disease, which 
is characterised by reversible generalised vasculitis and 
endothelial damage. The liver, kidneys and lungs are 
most frequently involved. In our patient, serum bilirubin 
levels were markedly elevated compared with the moderate 
rises in transaminase levels and AF, which is typical for 
leptospirosis.5 Acute renal failure is a result of interstitial 
nephritis caused by the invasion of leptospires in the 
interstitial tissue and tubules. In our patient, the renal 
failure was probably also the result of rhabdomyolysis. 
Rhabdomyolysis is characterised by extremely high 
serum levels of muscle components, due to focal muscle 
necrosis, which might precipitate in the glomerular 
filtrate, resulting in renal tubular obstruction and direct 
nephrotoxicity.6

Because Leptospira take weeks to grow on specialised 
media, the diagnosis of leptospirosis is usually made by 
serological testing (figure 1). The current reference method 
is the microscopic agglutination test (MAT), in which 
patient sera are incubated with live antigen suspensions 
of multiple leptospiral serovars. Interpretation of the MAT 
is complicated by the high degree of cross-reaction that 
occurs between different serovars, especially in the acute 
phase samples.7 Two months after the onset of illness, the 
MAT of our patient’s serum showed reactions with two 
different serotypes. This might be explained by either 
cross-reaction or exposure to more than one serotype. 
ELISA has repeatedly been shown to be more sensitive 

than MAT in the acute phase of the disease. However, 
ELISA only detects antibodies reacting with a broadly 
reactive genus-specific antigen and thus gives no indication 
of the causative serovar or serogroup.7 In the Netherlands 
PCR has not been used routinely but a recent study showed 
that RT-PCR on blood samples was highly sensitive during 
the first four days of illness.8 This was confirmed in our 
study as leptospirosis was diagnosed by PCR on the fifth 
day of illness, whereas serology still remained negative at 
that time. PCR thus facilitates early diagnosis and enables 
starting treatment at the most effective time point, which 
is essential for optimal antibiotic therapy.9

The management of severe leptospirosis requires antibiotic 
treatment and supportive care. Antibiotic therapy may 
consist of third-generation cephalosporines, doxycycline 
or penicillin G, which have all been shown to be equally 
effective.10,11 A rare complication of antimicrobial treatment 
in leptospirosis, as is the case with other diseases caused by 
spirochetes such as secondary syphilis or relapsing fever, 
may be a Jarisch-Herxheimer reaction. This is a systemic 
reaction resembling a severe inflammatory response that 
usually begins one to two hours after initial treatment with 
effective antibiotics, especially penicillins. It consists of the 
abrupt onset of fever, rigors, tachycardia and hypotension, 
as was found in our patient.12 
This report demonstrates that leptospirosis may range 
from a subclinical to a life-threatening infection. The 
two cases of leptospirosis on a family-owned fish farm 
emphasise the danger associated with rat infestation and 
elimination, even in low-endemic countries. Although 

figure 1. Course of leptospirosis and relevant diagnostic tests at different stages of disease
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acute renal failure
Hepatic failure

thrombocytopenia titres
Pulmonary symptoms

Myocarditis
rhabdomyolysis

Mat follow-up samples for epidemiological information

antibody titers (elisa and Mat)

PCr detection in blood

Culture in blood

leptospires in blood

Culture in urine

leptospires in urine

renal failure
late-onset uveitis

Persistent headaches

immune phase recovery phase
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rodent control has reduced the incidence of leptospirosis in 
the Netherlands,3 there still is a significant risk associated 
with occupation and recreational exposures occurring in 
water sports. Therefore, a patient’s exposure history and 
recognition of the clinical picture is of major importance 
for the diagnosis of leptospirosis.
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a b s t r a C t

Background: Clinical images and tests are considered useful 
tools to enhance the memorisation of facts and information 
in medical education. therefore, we initiated a weekly 
medical quiz for our department of internal Medicine. 
Methods: every week, a new case on a single slide with 
relevant information and a representative image, is sent by 
e-mail to staff, residents and others. all are requested on 
a voluntary basis to e-mail the presumed diagnosis within 
one week.
Results: after two years, 100 cases were presented to 452 
registered participants. on average, only 33 of 452 (range 
14 to 59) participants (7.3%; 95% Ci 4.9 to 9.7) responded 
per case. Most presumed diagnoses were submitted on 
the same day the case was sent (or 0.81; 95% Ci 0.69 
to 0.94; p<0.01). Cases with a high response rate were 
associated with relatively more correct answers than cases 
with a low response rate. in addition, it was striking that 
participants in some subspecialities, particularly specialists 
in infectious diseases, were much more likely to respond to 
cases in their own subspecialty.
Conclusion: our experience with a weekly medical quiz 
demonstrates rather low response rates. this could be due 
to time restraints, but could also be due to the fact that 
doctors do not like to be wrong, and are afraid to fail among 
their peers. Hence, although images and tests may be 
helpful learning tools, the success and contribution of such 
clinical-based quizzes to medical education are difficult to 
determine. 

k e y W o r d s

Clinical education, continuing medical education, 
problem-based learning, testing/assessment
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i n t r o d U C t i o n

Clinical images and case-based material are considered 
to be efficient tools in medical education.1,2 Images aid 
in memorising facts and enhance the process of clinical 
reasoning. It has also been published that the use of tests 
promotes better retention of information.3 Therefore, 
some journals have created features using clinical images, 
such as ‘Images in Clinical Medicine’ in the New England 

Journal of Medicine, with an occasional query to test 
participants on their knowledge and learning. Images and 
tests also play an increasingly important role in Continuing 
Medical Education (CME), where credits can be earned by 
successfully completing accompanying quizzes. To exploit 
these theories, we initiated a weekly medical quiz for our 
department of Internal Medicine, which is part of a tertiary 
teaching hospital. 

M e t H o d s

We created a weekly medical quiz, presented on a 
single slide that contains all relevant information 
and a representative image. Every Monday during the 
department’s morning report, a new case is presented 
and the diagnosis, including a short explanation of the 
previous case, is given. In addition, the case is sent by 
e-mail to staff, residents and others who expressed interest 
(e.g. researchers, interns, students). All are requested on a 
voluntary basis to submit the presumed diagnosis within 
one week by e-mail to one of us (GEL). Cases encompass 
the broad spectrum of general internal medicine and its 
subspecialities, and are obtained from our own institution 
and local training hospitals. 
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r e s U l t s

After two years, we have presented 100 cases to 452 
registered participants. On average, only 33 of 452 (range 
14 to 59) registered participants (7.3%; 95% CI 4.9 to 9.7) 
responded per case. Response levels per participant varied 
from one to almost all cases (range 1 to 81), while residents 
proved to be more loyal participants than members of 
staff. Of all response, 46% was submitted by residents, 
35% by staff members and the remainder by others. Most 
presumed diagnoses were submitted on the same day 
the case was sent (OR 0.8; 95% CI 0.7 to 0.9; p<0.01). 
Staff members submitted a correct diagnosis in 61.2% of 
cases, as did 56.3% of residents. Cases with a high (≥40 
respondents) and low (<25 respondents) response rate 
were compared. This demonstrated that cases with a high 
response rate were generally associated with a higher 
percentage of correct answers (mean 63.8%; range 20.0 to 
100%) than cases with a low response rate (mean 45.0%; 
range 0.0 to 87.5%).
For 202 of 452 participants (44.7%), a subspecialty was 
registered. It was striking that in some subspecialities, 
participants, both residents and staff, were much more 
likely to submit answers for cases in their own subspecialty 
(table 1). Specialists in infectious diseases serve as an 
example: they were almost five times more likely to 
respond to infectious diseases cases than to others. 

d i s C U s s i o n

Case-based images and tests may be useful tools in 
medical education and the training of Internal Medicine, 
by direct recognition of clinical diagnoses. However, our 
experience with a weekly medical quiz also demonstrates 
that interaction is limited due to rather low response rates. 

This could be due to time restraints, but could also be 
explained by the fact that our participants do not like the 
possibility of being wrong. This hypothesis is supported 
by the observation that participants were more likely 
to submit answers on the same day they received the 
case, and to cases concerning their own subspecialty. In 
addition, cases with a high response rate were associated 
with a relatively higher number of correct answers than 
cases with a low response rate, possibly reflecting the 
difficulty of the case. Apparently, participants are more 
likely to submit a diagnosis if they are (more) convinced 
of having the correct answer. It is therefore tempting 
to conclude that doctors are afraid to fail among their 
peers. Yet, these observations also hinder in determining 
the success and contribution of such clinical case-based 
quizzes to medical education. 
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table 1. Relative response ratios of subspecialists on cases in their own speciality

subspecialty number of cases on 
subspecialty

number of participants  
registered with subspeciality

relative response ratio on cases 
in own subspeciality*

General internal medicine 21 66 2.4

Endocrinology 12 13 2.7

Haematology 6 15 0.8

Infectious diseases 21 25 4.4

Gastroenterology 7 7 0.6

Nephrology 4 13 0.4

Rheumatology 8 9 1.2

Vascular medicine 2 26 0.3

Cardiology 6 9 0.9

Intensive care medicine 2 8 0.4

Oncology 6 11 0.8

*Calculated as ratio of response on cases in own subspeciality to total response of participants within the specific subspeciality (with exclusion of 
general internal medicine cases in all other subspecialities).
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Dear Editor,
In their review on the diagnostic approach of 
neuroendocrine tumours (NET) Kuiper et al state that 
chromogranin A (CgA) is the most specific (86%) and 
sensitive (68%) diagnostic serum marker.1 However, 
CgA may be elevated in a number of other endocrine, 
gastro intestinal, malignant and even cardiovascular 
disorders. We want to draw attention to one of the most 
frequent causes of false elevation of CgA, namely the use 
of H2 blockers or proton pump inhibitors (PPI).2

Patient A, a 49-year-old woman, was evaluated for the 
presence of NET because of vegetative symptoms and 
profuse watery diarrhoea. The urinary excretion of 5-HIAA 
was normal, while serum CgA (4960 mg/l (normal 20 
to 100)) and gastrin (0.67 mg/l (normal <0.15)) were 
strongly elevated. The subsequent somatostatin receptor 
scintigraphy was normal. After discontinuation of the 
long-term esomeprazol (40 mg twice daily), both serum 
CgA (84 mg/l) and gastrin (0.10 mg/l) levels normalised. 
Re-treatment with esomeprazol led to a serum CgA level 
of 3090 mg/l.

Patient B is a 58-year-old woman on long-term esomeprazol 
(20 mg) treatment because of gastro-oesophageal reflux. 
Because of profound flushes, palpitations and abdominal 
complaints, serum CgA was determined to exclude NET. 
The elevated (543 mg/l) serum CgA level prompted a 
somatostatin receptor scintigraphy without abnormalities. 
After discontinuation of the esomeprazol, the serum CgA 
level normalised (43 mg/l) with a marked increase to 1360 
mg/l several weeks after reinstitution.

Patient C, a 35-year-old woman, was evaluated for 
NET because of episodes of sweating, palpitations and 
abdominal cramps. While taking 40 mg pantoprazol, 
the serum CgA level was 271 mg/l. No imaging studies 
were done as the serum CgA dropped to 44 mg/l after 
discontinuation of pantoprazol.

l e t t e r  t o  t H e  e d i t o r

false elevation of chromogranin a  
due to proton pump inhibitors

L.Th. Vlasveld1, J. van ’t Wout1, A. Castel2

Departments of 1Internal Medicine, 2Clinical Chemistry and Haematology, Bronovo Hospital, 
Bronovolaan 5, 2597 AX, The Hague, the Netherlands

These three cases illustrate that CgA may strongly rise 
during long-term treatment with PPI. Treatment with 
gastric pH increasing drugs such as PPI and to a lesser 
extent H2 blockers leads to gastrin production by the 
antral G-cells with subsequent stimulation of the gastric 
enterochromaffin-like cells and release of CgA. In most 
patients treated with PPI a two- to fourfold increase in 
CgA is found.3,4 The increase in CgA seems related to 
the dosage and duration of PPI treatment. A more than 
tenfold increase in CgA levels, as in two of our patients, 
has occasionally been reported.2 One to two weeks after 
discontinuation of PPI the CgA levels return to normal. It 
is therefore advocated to stop PPI treatment for at least two 
weeks before determination of CgA to avoid unnecessary 
imaging studies.
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aims and scope
The Netherlands Journal of Medicine publishes papers in all 
relevant fields of internal medicine. In addition to reports 
of original clinical and experimental studies, reviews on 
topics of interest or importance, case reports, book reviews 
and letters to the editor are welcomed. 

Manuscripts
Manuscripts submitted to the Journal should report 
original research not previously published or being 
considered for publication elsewhere. Submission of a 
manuscript to this Journal gives the publisher the right 
to publish the paper if it is accepted. Manuscripts may be 
edited to improve clarity and expression. 

language
The language of the Journal is English. English idiom and 
spelling is used in accordance with the Oxford dictionary. 
Thus: Centre and not Center, Tumour and not Tumor, 
Haematology and not Hematology.

submission
All submissions to the Netherlands Journal of Medicine should 
be submitted online through Manuscript Central at http://
mc.manuscriptcentral.com/nethjmed. Authors should create 
an account and follow the instructions. If you are unable to 
submit through Manuscript Central contact the editorial 
office at m.m.levi@amc.uva.nl, tel.: +31 (0)20-566 21 71, fax: 
+31 (0)20-691 96 58.

Preparation of manuscripts
Type all pages with double spacing and wide margins on 
one side of the paper. To facilitate the reviewing process, 
number the lines in the margin and the pages.
Subheadings should not exceed 55 characters, including 
spaces.
Abbreviations: Measurements should be abbreviated 
according to SI units. All other abbreviations or acronyms 
should be defined on the first appearance in the text. Use a 
capital letter for generic names of substances and materials.
A Covering letter should accompany the manuscript, 
identifying the corresponding person (with the 
address, telephone number, fax number and e-mail 
address). Conflicts of interest, commercial affiliations, 
consultations, stock or equity interests should be 
specified. In the letter one to three sentences should 
be dedicated to what this study adds. The letter should 
make it clear that the final manuscript has been seen 
and approved by all authors. All authors should sign the 
letter. The letter should either be submitted through 
http://mc.manuscriptcentral.com/nethjmed or faxed to 
the editorial office (+31 (0)20-691 96 58). 

Divide the manuscript into the following sections: Title 
page, Abstract, Keywords, Introduction, Materials and 
Methods, Results, Discussion, Acknowledgements, 
References, Tables and Figures with Legends.

The Title page should include authors’ names, degrees, 
academic addresses, correspondence address, including 
telephone number, fax number, e-mail address and grant 
support. Also the contribution of each author should be 
specified.
The title should be informative and not exceed 90 
characters, including spaces. Avoid use of extraneous words 
such as ‘study’, ‘investigation’ as well as priority claims (new, 
novel, first). Give a running title of less than 50 characters. If 
data from the manuscript have been presented at a meeting, 
list the name, date and location of the meeting and reference 
and previously published abstracts in the bibliography. Give 
a word count (including references, excluding tables and 
legends) at the bottom of this page. 

The Abstract, not exceeding 250 words, should be 
written in a structured manner and with particular 
care. In original articles, the Abstract should consist 
of the following paragraphs: Background, Methods, 
Results and Conclusion. They should briefly describe the 
problem being addressed in the study, how the study was 
performed and which measurements were carried out, 
the most relevant results, and what the authors conclude 
from the results. 

Keywords: Include three to five keywords in alphabetical 
order.

The Introduction should be brief and set out the purposes 
for which the study has been performed. 

The Materials and methods should be sufficiently detailed 
so that readers and reviewers can understand precisely 
what has been done without studying the references 
directly. The description may be abbreviated when 
well-accepted techniques are used.

The Results should be presented precisely, without 
discussion.

The Discussion should directly relate to the study being 
reported. Do not include a general review of the topic, but 
discuss the pertinent literature. 

Acknowledgement: All funding sources should be credited 
here. Also a statement of conflicts of interest should be 
mentioned. 
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References should be numbered consecutively as they 
appear in the text (after the punctuation and in square 
brackets). Type the reference list with double spacing on 
a separate page. References should be in the language 
they are published in, conform the ‘Vancouver’ style for 
biomedical journals (N Engl J Med. 1991;324:424-8). 

Journal abbreviations should conform to the style used in 
the Cumulated Index Medicus. Examples:
1. Smilde TJ, van Wissen S, Wollersheim H, Kastelein 

JJP, Stalenhoef AFH. Genetic and metabolic factors 
predicting risk of cardiovascular disease in familial 
hypercholesterolemia. Neth J Med. 2001;59:184-95.

2. Kaplan NM. Clinical Hypertension. 7th ed. Baltimore: 
Williams & Wilkins; 1998.

3. Powell LW, Isselbacher KJ. Hemochromatosis. In: 
Braunwald E, Fauci AS, Kasper DL, et al., editors. 
Harrison’s Principles of Internal Medicine. 15th edition. 
New York: McGraw-Hill; 2001. p. 2257-61.

Please note that all authors should be listed when six or 
less; when seven or more, list only the first three and add et 
al. Do not include references to personal communications, 
unpublished data or manuscripts either ‘in preparation’ 
or ‘submitted for publication’. If essential, such material 
may be incorporated into the appropriate place in the text. 
Recheck references in the text against the reference list 
after your manuscript has been revised.
The use of bibliographic software programmes that are 
designed to generate reference lists such as Reference 
Manager© or Endnote© is highly encouraged. Authors can 
use the predefined output ‘Vancouver’ style from these 
programmes.

Tables should be typed with double spacing each on 
a separate page, numbered consecutively with Arabic 
numerals, and should contain only horizontal lines. 
Provide a short descriptive heading above each table with 
footnotes and/or explanation underneath. 

Figures must be suitable for high-quality reproduction (>300 
DPI). Submit line drawings made in Word or other computer 
programmes but not in a PowerPoint file. Colour figures 
are occasionally possible and will be charged to the authors. 
Legends for figures should be typed, with double spacing, 
on a separate page. 

Case reports
Case reports containing concise reports on original work will 
be considered for publication. Case reports which are relevant 
for understanding the pathophysiology or clinical presentation 
of disease may also be accepted under this heading. Selection 
of case reports will be based on criteria as outlined in a 
special report by the editors (Drenth et al. The case for case 
reports in the Netherlands Journal of Medicine. Neth J Med. 
2006;64(7):262-4). We advise potential authors to take notice 
of the instructions in this report. Articles published in this 

section should be no longer than 1000 words, and supplied 
with a summary of about 60 words, preferably no more than 
two figures and/or tables, and no more than 15 references. In 
addition, we require that authors of case reports answer the 
following two questions (Neth J Med. 2008;66(7):289-90): 
1) What was known on this topic? and 2) What does this add? 
The answers will appear in a separate box in the text. 

Mini reviews
Mini reviews are concise notes that bring the reader up 
to date with the recent developments in the field under 
discussion. The review article should mention any previous 
important reviews in the field and contain a comprehensive 
discussion starting with the general background of the field. 
It should then go on to discuss the salient features of recent 
developments. The authors should avoid presenting material 
which has already been published in a previous review. The 
manuscript should be divided as follows: title page, abstract 
and main text. The text may be subdivided further according 
to the areas to be discussed. The text should not exceed 2500 
words.

letters to the editor (correspondence)
Letters to the editor will be considered by the editorial 
board. Letters should be no more than 400 words. 
Please use SI units for measurements and provide the 
references conform the Vancouver style (N Engl J Med. 
1991;324:424-8). No more than one figure is allowed. For 
letters referring to articles previously published in the 
Journal, the referred article should be quoted in the list of 
references.

Photo quiz
A photo quiz should not exceed 500 words and include no 
more than two figures and four references conform the 
Vancouver style. Abbreviations of measurements should 
be quoted in SI units.

book reviews
The editorial board will consider articles reviewing books.

reviewing process
After external and editorial review of the manuscript the 
authors will be informed about acceptance, rejection or 
revision. We require revision as stated in our letter.

Proofs
Proofs will be sent to the authors to be carefully checked 
for printer’s errors. Changes or additions to the edited 
manuscript cannot be allowed at this stage. Corrected 
proofs should be returned to the editorial office within two 
days of receipt. 

offprints
These are not available. The first author receives a sample 
copy of the Journal with the published article.


