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Chapter 1

Hydatid Cysts in Children
Arturo L. Delgado, Mfuneko Kopolo, Dumo Bangaza,  
Ernesto Rosales Gonzalez, Luke Yamkela and Moeketsi Thabana

Abstract

Hydatid disease is one of the important health problems in developing countries. 
Can affect any part of the human body, it commonly affects lungs and liver. Because of 
poor data and preventive measures in Sub-Saharan Africa, cystic echinococcosis (CE) is 
regarded as endemic disease. This is a retrospective study of children ages of 3 to 12 years 
admitted in pediatric surgical unit at Nelson Mandela Academic Hospital (NMAH), 
from April 2015 to aril 2020. We studied groups of age, sex, organs affected, treatment 
and complications. We studied 56 children; the group of age most affected was 5 to 
10 years, females accounted for 51.8%, and male for 48.2%, lung hydatid cysts in 44.6% 
of cases, 41.1% had liver cysts, 8.9% of the patients had cysts in multiple locations. In 46 
cases (82%), the treatment was surgical: punction-aspiration-injection and respiration 
(PAIR) removing the germinal layer, following in the post operatory with Albendazole 
and Praziquantel. In 10 cases (18//%) was given only medical treatment. Females were 
most affected, and the lungs were the organs most affected followed by liver.

Keywords: hydatidosis, pair, CE, echinococus granulosus, echinococcosis

1. Introduction

The Echinococcosis is a zoonotic disease caused by a parasitic infection with the 
larval stage of the tapeworm Echinococcus genus [1]. Among the recognized species, 
two are of medical importance – E. granulosus and E. multilocularis – causing cystic 
echinococcosis (CE) and alveolar echinococcosis (AE) in humans respectively. Cystic 
echinococcosis is the most common form of the disease [2].

The Echinococcus can infect domestic animals, the adult tapeworms are carried 
by the definitive host (dogs) asymptomatically and can transmit the worms through 
defecation contaminating humans if ingest affected intermediate host meat (sheep, 
cattle, goats, and pigs). Human hydatid cyst is a health problem in some developing 
countries [3], this disease is usually asymptomatic for years until develop complica-
tions: such as compressive symptoms or rupture of the cyst causing anaphylactic 
shock. In most of the patients the symptoms are non-specific for the disease [4].

2. Course of infection

Have been reported in Ultrasound (US) surveys that the cysts may grow 1–50 mm 
per year or persist without changes according with [5, 6]; these cysts may spontane-
ously rupture or collapse and also disappear [5, 7].



1

Chapter 1

Hydatid Cysts in Children
Arturo L. Delgado, Mfuneko Kopolo, Dumo Bangaza,  
Ernesto Rosales Gonzalez, Luke Yamkela and Moeketsi Thabana

Abstract

Hydatid disease is one of the important health problems in developing countries. 
Can affect any part of the human body, it commonly affects lungs and liver. Because of 
poor data and preventive measures in Sub-Saharan Africa, cystic echinococcosis (CE) is 
regarded as endemic disease. This is a retrospective study of children ages of 3 to 12 years 
admitted in pediatric surgical unit at Nelson Mandela Academic Hospital (NMAH), 
from April 2015 to aril 2020. We studied groups of age, sex, organs affected, treatment 
and complications. We studied 56 children; the group of age most affected was 5 to 
10 years, females accounted for 51.8%, and male for 48.2%, lung hydatid cysts in 44.6% 
of cases, 41.1% had liver cysts, 8.9% of the patients had cysts in multiple locations. In 46 
cases (82%), the treatment was surgical: punction-aspiration-injection and respiration 
(PAIR) removing the germinal layer, following in the post operatory with Albendazole 
and Praziquantel. In 10 cases (18//%) was given only medical treatment. Females were 
most affected, and the lungs were the organs most affected followed by liver.

Keywords: hydatidosis, pair, CE, echinococus granulosus, echinococcosis

1. Introduction

The Echinococcosis is a zoonotic disease caused by a parasitic infection with the 
larval stage of the tapeworm Echinococcus genus [1]. Among the recognized species, 
two are of medical importance – E. granulosus and E. multilocularis – causing cystic 
echinococcosis (CE) and alveolar echinococcosis (AE) in humans respectively. Cystic 
echinococcosis is the most common form of the disease [2].

The Echinococcus can infect domestic animals, the adult tapeworms are carried 
by the definitive host (dogs) asymptomatically and can transmit the worms through 
defecation contaminating humans if ingest affected intermediate host meat (sheep, 
cattle, goats, and pigs). Human hydatid cyst is a health problem in some developing 
countries [3], this disease is usually asymptomatic for years until develop complica-
tions: such as compressive symptoms or rupture of the cyst causing anaphylactic 
shock. In most of the patients the symptoms are non-specific for the disease [4].

2. Course of infection

Have been reported in Ultrasound (US) surveys that the cysts may grow 1–50 mm 
per year or persist without changes according with [5, 6]; these cysts may spontane-
ously rupture or collapse and also disappear [5, 7].



Maternal and Child Health

2

The sequence of the changes during the natural history of this cysts is not well 
define [8], the Liver cysts appear to grow at a lower rate than the lung cysts [6]. The 
symptoms appear in this disease usually when the cyst compresses or ruptures into 
neighboring structures [6].

The diagnosis of CE is based on symptoms when they are present, Ultrasound, CT 
imaging techniques, and serology. The Proof of the presence of protocolises could be 
given by microscopic examination of the fluid and histology [9].

Source: Expert consensus for the diagnostic and treatment of cystic and alveolar 
echinococcosis in humans, 2010 [5].

The ultrasound (US) examination is the basis for the diagnosis and the WHO 
classification of the disease in abdominal locations of the cysts, this technique could 
visualize cysts in other locations no suspected, such as lung when the cysts are located 
peripherally [9].

The WHO-IWGE classification; in 1995 standardized and allowed a natural 
grouping of the cysts into three relevant groups of CE [Cystic echinococcosis]: active, 
transitional, and inactive; this classification added a “cystic lesion” (CL), to Gharbi 
classification [9, 10].

The transitional cysts according with WORL HEALTH classification, can be 
differentiated into with detached endocyst and (predominantly solid with daughter 
vesicles. The inactive Cysts are late stages of the disease.

The Computed tomography (CT), magnetic resonance (MR) imaging, and cholan-
giopancreatography (MRCP) are indicated in [1] subdiaphragmatic location, [2] dis-
seminated disease, [3] extra abdominal locations, [4] in complicated cysts (abscess, 
cysto-biliary fistulae) and [9] in some cases when is necessary in the pre-surgical 
evaluation. MRI imaging should be preferred to CT due to better visualization of 
liquid areas.

3. Serology of the echinococcus granuloses

According with some authors [9] the Sensitivity of the serum antibody detection 
using indirect hemagglutination, ELISA, or latex agglutination, in the hydatid cyst 
fluid antigens, is between 85 and 98% for liver cysts, 50–60% for lung cysts and 
90–100% for multiple organ cysts.

Other cestode infections such as E. multilocularis and Taenia solium, malignan-
cies, liver cirrhosis and presence of anti-P1 antibodies limits the Specificity of all 
those tests due to this possibility, so a confirmatory test should be used as: (arc-5 test; 
Antigen B (AgB) 8/12 kDa subunits or EgAgB8/1 immunoblotting) [9].

Any organ could be affected by Echinococcal cysts, including the muscles but the 
commonest organs affected are lungs, liver, and spleen. If the liver is affected, might 
cause a compartmental abdominal Syndrome, and might cause obstructive jaun-
dice when there is compression to the biliary system. When the lungs are affected, 
the patients could present with productive cough, weight loss and poor appetite 
(Figures 1 and 2).

Rupture of the cyst into pleural cavity can with shortness of breath and on chest 
x-ray it can be confused with pleural effusion, that could wrongly make the doctors to 
insert a chest drain into the cyst for mistake, founding later in another chest x-ray/or 
CT-chest a cystic cavity [5, 6, 8] (Figure 3).

The main aim of our study was to find out the prevalence of the Hydatid Cysts in 
children and found up the organs more common affected in children.
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Figure 1. 
Hydatid cysts in the liver and left lung. Source: Author’s record.

Figure 2. 
Hydatid cyst right lung lower lobe. Source: Author’s record.
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4. Method

We performed a retrospective study of every child of 3 to 12 years of age admitted 
in our surgical pediatric ward (N 56), suffering from hydatid cyst. We studied patients 
with this diagnosis from April 2015 to April 2021. Were studied 56 patients: analyzing 
the age, sex, localization of the cyst, treatment, and complications. The diagnosis was 
based on clinical history, physical examination, serology test, abdominal ultrasound, 
chest X ray, Computer Tomography (CT) and histology. The ultrasound ad CT scans 
were the most useful investigations in the diagnostics.

The decision to perform a surgical treatment was based on the size of the cyst 
when it was 6 cm or more, and when the patient having compressive symptoms 
and signs of complicated hydatid cyst. In hydatid cysts on the liver the compressive 
symptoms and sings were jaundice, itchiness, abnormal liver function testes; In 
Hydatid cyst on the lung; the patient could present productive cough, shortness of 
breath, when there is a bronchial communication, and ruptured of the cyst to the 
pleural cavity.

Patients with hydatid liver cyst and those with lung hydatid cysts where was 
showed in the CT no communication of the cyst cavity to a bronchus were performed 
PAIR (puncture – aspiration- injection and re aspiration, through laparotomy and 
thoracotomy on those with cysts in the lung. Was use 5% hypertonic saline solution 
for the injection considering that this concentration of the saline solution is enough 
to kill the Ovo’s; after the PAIR, the cyst was opened and removed the germinal layer 

Figure 3. 
Intercostal drainage into a cyst cavity of a hydatid cyst in the right lung, mistakenly for parapneumonic pleural 
effusion. Source. Author’s record.
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(endocyst) and taken it for histopathology examination as a confirmation of the 
disease; a capitonage was done in every cyst and a drain was let in the cystic cavity. In 
case of lung hydatic cyst was let an intercostal drain into the cyst cavity and also into 
the pleural space.

In the post-operative time, we continued the children with Albendazole (20-
50 mg/kg/day) and Praziquantel (30-40 mg/kg/day) for 3 months; depending on the 
resolution of the cysts in some cases the Albendazol was given more than 3 months, 
depending on the result of the liver function tests performed monthly to rule out 
hepatic toxicity.

Patients with hydatid cyst size of 5 cm or less, and with no signs of compression 
or any other complications were treated conservatively with the combination of 
Albendazole and Praziquantel this treatment was given for 3 months or more depend-
ing on the resolution of the cysts.

Full Blood Count and liver function test were performed before the initiation of 
the treatment and every month after starting with medical treatment to find out drug 
toxicity.

5. Results

Were analyzed 56 children, 25 of them (44.6%) had Cysts in the liver, 23 (41%) 
had lung Cysts. Some patients 8.9% had cysts affecting liver, lung, spleen and in other 
organs shown in Table 1.

As it can be seen in the Table 1, the most affected group of age was the one of 
patients from 5 to 10 years for 52% of the patients, the group of children with more 
than 10 years was the second in frequency with 36%.

The presentation of hydatid cysts in liver were more frequent in male with 28.6% 
than in females 16%; on the other hand; lung hydatid cysts were more frequent in 
female affecting 26.8%, as is showing in Table 2.

In 40 cases (70%) was performed a surgical treatment (PAIR and enucleation of 
the endocyst); in 27% of the patients with Lung Hydatid cysts to whom were per-
formed this procedure developed in the post operatory a bronchus pleural fistula that 
closed by Itself mostly in the first week (Table 3).

In 18% of our cases the treatment was medical treatment without surgery during a 
period of 6 to 8 months, expressed in Table 4.

Liver Hydatic Lung Hydatic Soft Tissue Multiple Total

Ages No % No % No % No % No %

< 1 year — — — — — — — — — —

1–5 years 5 8.9 2 3.6 0 0 0 0 7 12.5

5–10 years 12 21.4 17 30.4 0 0 0 0 29 51.8

> 10 years 8 14.3 4 7.1 1 1.8 7 12.5 20 35.7

Total 25 44.6 23 41.1 1 1.8 7 12.5 56 100

Source: Patient files.

Table 1. 
Patients’ age vs. organs location of the cyst.



Maternal and Child Health

6

6. Discussion

In endemic countries the Hydatid disease is still a national health problem and 
needs prevention for its eradication or its control [3]. Symptoms of hydatid disease 
depend on which organs are affected and only are evident when the complications 
arise, but most patients with hydatid cysts are asymptomatic, and the diagnosis is 
usually made incidentally during clinical or radiological examination for unrelated 
reasons [11, 12].

In our study of 56 cases, 29 (52%) were females and 27 (48%) were males in other 
studies the statistical analyses indicate that in children males are more likely to be 
infected with lung hydatid, while females were infected more with liver hydatid cysts 
[9, 13], result found also in our study; in total we found that the hydatid cyst disease 
in our children was no significative differences of affectation between the liver 41% 
and the lung 45%.

Gender Cyst Location

Liver Hydatic Lung Hydatic Soft Tissue Multiple Total

No % No % No % No % No %

Male 16 28.6 8 14.3 1 1.8 2 3.6 27 48.2

Female 9 16.1 15 26.8 0 0.0 5 8.9 29 51.8

Total 25 44.6 23 41.1 1 1.8 7 12.5 56 100.0

Source: Patient files.

Table 2. 
Cysts location vs. gender.

Complications Liver Hydatic Lung Hydatic Soft Tissue Total

No No No No %

Biliary Fistula 1 1 1.8

Bronchopleural 
Fistula

15 15 26.8

Wound 
infection

1 1 1.8

Total 1 15 1 17 30.4

Source: Patients files.

Table 3. 
Complications vs. cyst’s location.

Treatment

PAIR Medical alone Total

N % N % 100%

Patients 46 82 10 18 56

The histopathology examination of the germinal layer confirmed the echinococcus granulosus.

Table 4. 
Patient vs. treatment performed.
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Hydatid cyst can affect any organ, but the two organs most involved are liver and 
lungs. The involvement of lungs, liver and other organs in the same patient in our 
study accounted in 8.9% of the cases.

The group of age commonest affected was from 5 to 10 years, in 32 patients (64%).
In human hydatid cysts Echinococcus granulosus is the most common cause as it 

was in our children, confirmed with histopathology of the endocyst (germinal, layer) 
this finding were also reported by other authors [13–17].

7. Conclusions

The incidence of hydatid disease in children increase with age.
The organs more frequently involved were liver and lungs.
As can be affected for hydatid cyst in the same patient lung and liver, we recom-

mend that when a hydatid cyst of the liver is diagnosed a chest x-ray should be done 
to rule out lung involvement specially in endemic regions.

The most common cause of human hydatid cyst is the Echinococcus granulosus 
as it was diagnosed with echinococcus Elisa and confirmed with endocyst (germinal 
layer) taken for histopathology.

In most case a conservative surgical technique (PAIR) and total or partial enucle-
ation of the endocyst is sufficient, followed by medical treatment post operatively 
with Albendazol and Praziquantel for no less than 3 months.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Hygiene Aspects of Premature 
Nutrition
Matthias Fischer and Anja Buschulte

Abstract

The very low birth weight and the not fully developed immune system make 
preterm infants especially susceptible to infections. Therefore microbiological food 
safety of preterm nutrition is a particular challenge. This is also due to the fact that 
breastfeeding is often not possible in these infants. There are several obstacles to 
breastfeeding, such as intensive care conditions and individual nutritional require-
ments of the newborn. The chapter covers the microbiological aspects of preterm 
nutrition, including quality requirements for commercial infant formulas, breastmilk 
fortifiers and extracted breast milk. The main pathogens of concern (e.g. Cronobacter 
spp. Salmonella spp. and Clostridium botulinum) are discussed in detail, including 
related food safety indicators. An important part of the chapter is devoted to the 
hygienic aspects of preterm formula preparation techniques, storage conditions and 
microbiological risks linked to certain feeding techniques (e.g. tube feeding). The 
risks associated with microorganisms found in commercial infant formula and in 
the prepared environment, as well as the risk of biofilm formation, are described. 
Options and requirements for risk mitigation are discussed in detail.

Keywords: hygiene, food safety, Cronobacter spp., premature nutrition, microbiological 
contaminants

1. Introduction

The very low birth weight and the not fully developed immune system make 
preterm infants especially susceptible to infections. The development stage of the 
organ systems depends stringently on the gestation age of the newborn. This concerns 
also the intestinal tract and the immune system. Both are especially important for 
the resilience of infants to gastrointestinal infections. Regarding the intestinal tract, 
different aspects have a crucial influence on the immune defence. One critical aspect 
is that in mammals antibodies cannot pass the placenta. The newborn receives the 
first antibodies with the first milk of the mother, which is especially immunoglobu-
lin enriched. Under circumstances of a mature digestion, proteins of the size of 
an immunoglobulin (150 to 1 Mio kDa) cannot pass the intestinal wall to enter the 
bloodstream. Therefore, the gut of mammals shows a different anatomy during their 
first days of life than the gut of adult individuals. The tight junctions seal usually the 
gaps between the enterocytes. These seals are quite open for the first three to four 
days of life to enable the antibodies of the colostrum to pass into the bloodstream. 
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Although this is not necessary for human neonates, the mechanism is still observed 
phylogenetically and is even more pronounced in preterm infants. These open tight 
junctions provide an option for microorganisms and toxins like endotoxins to enter 
the bloodstream unhindered [1, 2].

Unlike the offspring of other mammals, immune globulins of primate species can 
pass the placenta and are present in the bloodstream of infants immediately after 
birth. This has the advantage that the colostrum in humans is not an absolute require-
ment for the survival of the newborn. However, the antibody-enriched colostrum also 
provides human infants with humoral protection against intestinal infections during 
the first days of life. In premature births, the breastmilk is often not available or does 
not meet the nutritional requirements of the preterm infant and definitely does not 
provide the quality of a fully developed colostrum [1, 2].

The virulence of microorganisms depends on the ability to overcome the non-
specific and specific immune barriers of the host organisms, followed by the effect 
of specific pathogen factors, like toxins, on the target organ system or tissue. As 
explained before the specific and non-specific immune defences in very young infants 
are underdeveloped and weak. The lack of humoral immune protection is com-
pounded by the underdeveloped acid barrier in the stomach of young children. This 
means pathogenic microorganisms can reach the small intestine, from where they can 
enter the blood system without passing the usual barriers. Thus, even bacteria with 
low virulence can cause significant harm to these premature organisms [1, 3].

The intestinal flora is competitive against pathogens that have reached the intes-
tine, which provides an additional protection against gastrointestinal infections. 
Young children still need to develop their body flora including the gut flora. Their gut 
flora is not stable in the perinatal period [1]. Until now, it was assumed that the body 
of the newborn is sterile and that only during birth the first bacteria will colonise the 
skin and the enteral tract. For some years now, it has been discussed whether the fetus 
already comes into contact with microorganisms intrauterine [1, 4]. In any case, birth 
itself plays a decisive role in the colonisation of the body of the infant, as bacteria 
from the mother are transmitted intensively to the baby during the birth procedure 
[1]. Preterm infants are often not born in the natural way but by caesarean section. 
This way of birth already shows a retarded and different type of intestinal colonisa-
tion in term infants and is even more critical in preterm infants with regard to the 
formation of the intestinal microbiome.

The low birth weight and the awkward ratio of body surface to body weight make 
neonates more susceptible to toxin effects and low infection doses of microorganisms 
[5]. Moreover, the metabolic functionality in preterm infants is often not fully devel-
oped, which influences the neutralisation, turn over and excretion of bacterial toxins [6].

These special conditions meet the specific nutritional requirements of the preterm 
infants, often requiring individual formulas. In many cases, breastfeeding is not pos-
sible or has to be provided with extracted milk fortified with certain ingredients, and 
even the application of feeding tubes is also a regularly applied praxis. This requires 
specific hygiene precautions in the preparation, storage and application of food for 
preterm babies.

2. Types of preterm feedings

There are different types of formula designed for preterm infants. However, the 
most preferable option is the feeding of breastmilk. Due to the shortened gestation 
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period, the breastmilk of the mothers alone is often not sufficient for the nutritional 
needs of the preterm child and certain supplements (breast milk fortifiers, thickeners) 
have to be added [1]. The addition of powdered breastmilk fortifiers to the liquid 
milk bears significant hygiene risks. The breastmilk fortifiers are not sterile but have 
similar microbiological properties as powdered formula. The feeding practices of 
breastmilk to preterm infants is another hygiene issue. Direct breastfeeding is usually 
not possible for these patients, so milk is applied by tube feeding, syringes or baby 
bottles. The extraction and storage of the breastmilk pose several hygiene risks, with 
the addition of fortifier being only one of many other contamination sources.

In many cases, breastmilk is not available or specific nutritional needs require the 
use of infant formula products. From a hygiene point of view, the use of sterilised ready-
to-feed formula is the most recommendable option. If used as a sole source of nutrition, 
the contamination risks during handling and feeding are minimised. The sterilisa-
tion process guarantees the inactivation of all infectious microorganisms including 
spore-forming bacteria and viruses. However, the bacterial debris of these inactivated 
microorganisms is still in the formula but the amount is very low due to the advanced 
hygiene standard during the manufacturing process. A quality parameter for this kind 
of formula is the level of endotoxin. Endotoxins are lipopolysaccharides, which can be 
found as part of the cell wall of gram-negative bacteria. The group of gram-negatives 
includes Enterobacteriaceae, but also the non-fermenters, which are often detected 
as water bacteria in process water. Endotoxins in food are usually not an issue, as the 
transfer from the gut into the bloodstream is very limited. The tight junctions between 
the enterocytes seal the enteron very effectively, and the small amount of endotoxins, 
which still pass the intestinal wall, are efficiently neutralised in the liver. In young 
infants and especially in preterm infants, the situation is different. On one hand, the 
tight junctions are still open as explained earlier and on the other hand, the detoxifica-
tion ability of the liver is not fully developed. If the level of endotoxins in the formula is 
too high, these lipopolysaccharides can enter the bloodstream. Monocytes would recog-
nise them and start a cytokine-mediated immune response. These endotoxin levels can 
cause symptoms from mild sub-clinical disorders to febrile temperature. As the health 
status of preterm infants is quite fragile in many cases, the endotoxin-related burden is 
an additional factor that could influence the development of the newborn.

Powdered formula for preterm infants is available in a range of formats to meet 
the broad variety of the nutritional needs of prematurely born babies. Basically, the 
conventional starter formulas are also applicable for preterm infants. However, based 
on their gestational development stage, the responsible medical staff has to decide 
about the requirement of individually tailored diets. A variety of vitamin, mineral 
protein and calorie enriched formulas and fortifiers are available on the market to 
meet the individual nutritional needs of preterm infants. In some cases, the under-
developed gastrointestinal tract of the baby is not able to break down proteins and 
carbohydrates, so the infant has to be supplied with free amino acids. In many cases, 
reflux might be a problem, which requires the addition of thickeners to the diet. These 
products are often combined or added to breastmilk or ready-to-feed formula.

Powdered infant formula is manufactured under the highest hygiene standards 
but is not sterile. The microbiological burden of the powder is usually low, but the 
reconstituted formula is an optimal growth medium where bacteria can multiply 
rapidly. The powdered formula differs from conventional milk powder in its composi-
tion. From a microbiological point of view, the elevated fat content is most important, 
because it protects bacteria in the dry environment and promotes the biofilm forma-
tion on contact surfaces. The powdered formula is produced in several steps based 
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on milk ingredients like skim milk powder and whey protein concentrate. These 
ingredients have been spray dried and are usually delivered as bulk products to the 
baby food manufacturer. The spray drying process is conducted in a counter flow of 
falling droplets against a hot air stream of more than 70°C. However, the bacteria in 
the droplets are protected against high temperatures due to the evaporative cooling. 
Therefore, spray drying is not a sufficient heat treatment to kill off microorganisms. 
These bulk ingredients are mixed with a range of specific nutrients like minerals, 
vitamins and lipids. The dosing of the especially important micro-ingredients is often 
done manually and bears a certain risk of contamination from the operating staff. Fat 
blends are often stored at higher temperatures, which make the survival of vegetative 
bacteria impossible, but the introduction of bacteria spores can be linked to this type 
of ingredient. The blending and packing operation of the baby powder is usually a 
fully automated step, nevertheless, contamination risks are not fully excluded. There 
are a number of bacteria species, which have adapted to the dry environment and are 
found as process contaminants in many powder factories.

The intestinal flora is an important part of the defence against gastrointestinal 
infections and plays an irreplaceable role in digestion and metabolism. The gut flora 
is labile in all infants during the first 12 months of life, but in preterm infants, this 
is an issue of special concern. The underdeveloped intestinal flora is seen as a factor 
that increases the risk for necrotising enterocolitis (NEC) and late-onset sepsis 
(LOS) [7]. The addition of probiotic strains to the diet of preterm infants is widely 
discussed. In a number of randomised clinical trials, the prophylactic effect against 
NEC has been shown and no adverse effects of the probiotics have been reported 
[8]. It is not clear whether the risk for NEC is only significantly reduced in preterm 
infants who receive breastmilk supplemented with probiotics. An advantage is not 
observed in infants fed with probiotic-enriched formula. It seems that there is a 
shortage of some bioactive ingredients in the formula, which are present in breast-
milk [7]. However, the risk of probiotic sepsis remains one of the concerns linked to 
this kind of supplementation, especially in preterm infants [9–12]. Invasive diseases 
linked to probiotics are reported rarely and have never been seen in a randomised 
clinical trial [8]. However, 49 case reports on invasive diseases in children caused 
by probiotics have been published in the scientific literature between 1995 and 2021 
according to D’Agostin et al. [9]. About 55% of the cases occurred in preterm infants 
and the majority developed septicaemia. All kinds of probiotics were involved in 
cases of invasive disease. In most cases, the outcome was favourable but in three 
cases there was a fatal outcome caused by Limosilactobacillus reuteri (formerly 
Lactobacillus reuteri), Saccharomyces boulardii and Bacillus clausii [9].

Therefore, the use of probiotics in preterm infants requires a careful assessment of 
benefits and risks for the individual case. Important risk factors for probiotic bactere-
mia are e.g. intestinal comorbidity and intravenous catheters [9].

Full-term infants who are exclusively breastfed usually have no need for additional 
liquid supply [13]. The fluid and electrolyte management of preterm infants is much 
more complex and in most cases, glucose solutions and water are supplied. In Europe, 
however, it is common practice to feed newborn infants herbal teas to supply the baby 
with fluid and relieve intestinal colic, although herbal teas are not recommended 
for young infants because they impair iron absorption due to the polyphenols they 
contain [13].

Furthermore, herbal teas often contain high levels of different bacteria species that 
are not eliminated during preparation and teas serve as an excellent growth medium 
for microorganisms.
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3. Microbiological contaminants in preterm feed

Microorganisms get into the preterm feed from different sources. Some originate 
from dairy ingredients and survived the different processing steps. These bacteria are, 
in most cases, spore formers and can survive high temperatures, but Enterococci may 
also survive the processing steps along the entire line. Another important contamina-
tion route are blending operations in powdered infant formula manufacture. A spe-
cific flora of microorganisms has become adapted to the dry environment in powder 
production facilities. These bacteria can survive in the powdered formula for a long 
time. A high risk of contamination is posed by bacteria that get into the formula dur-
ing preparation. The germs have the opportunity to multiply rapidly in the dissolved 
formula. These microorganisms may come from the hands of the person preparing 
the formula, from insufficiently cleaned feeding equipment or from the environment.

In 2004, microbiology experts categorised potential pathogens, based on the 
available evidence of a clear link between infant illness and the presence of certain 
pathogens or bacterial toxins in powdered infant formula. Three categories have 
been defined, from category A (clear evidence of causality) over category B (causal-
ity plausible, but not yet demonstrated) and C (causality less plausible, or not yet 
demonstrated). Only Salmonella spp. and Cronobacter spp. were identified as bacteria 
with a clearly proven link between illness and formula contamination [14].

Salmonella spp. are gram-negative rods. Their natural reservoir is the intestinal 
tract of animals. Salmonella shows a temperature range for growth from 5–45°C with 
an optimum temperature between 35° and 42°C [15, 16]. A pH below 4.0 reduces the 
number of viable Salmonella cells. Therefore, the acid barrier of the stomach forms an 
effective line of defence against Salmonella infections. Infants have a higher pH in the 
stomach than adults and the milk-based diet further protects against Salmonella dur-
ing the gastric passage. This makes infants and premature babies especially vulnerable 
to Salmonella infections [17, 18]. A heat treatment of 2 minutes at 70°C sufficiently 
kills Salmonella. They are not able to form spores [19].

Salmonella causes severe gastrointestinal infections with diarrhoea, abdominal 
pains, chills, fever, vomiting and dehydration. The onset of symptoms is usually 
within 72 h. The severity of the disease depends, among other things, on the virulence 
of the Salmonella strain and the amount ingested, but all serotypes are potentially 
pathogenic to humans. Infants and especially preterm infants are among the most 
vulnerable individuals, where even small infectious doses of less than 100 cfu can lead 
to potentially fatal infections [16, 19, 20].

Cronobacter spp. formerly known as Enterobacter sakazakii belongs to the genus 
Enterobacteriaceae [21]. The growth optimum of the microorganism is between 25° 
and 45°C. There is no multiplication below 5° C and over 45° C [22]. Under optimal 
growth conditions, the generation time is about 20 minutes and drops to 2 h at room 
temperature [23].

In dry environments, Cronobacter spp. can survive up to 2 years [24, 25]. The reser-
voir of Cronobacter spp. includes a wide variety of environmental and food sources 
[26–29]. Biofilm formation was observed on different surfaces, which is particularly 
important for the hygiene management in the care environment of preterm infants 
[23, 30]. Cronobacter spp. infections are rare and occur especially in neonates and very 
young children. Since 1958, reports on about 180 infections have been published [31]. 
In 95% of all Cronobacter cases, infants are affected during their first 2 months of life 
and the risk for infections is particularly high for preterm infants [31]. Cronobacter 
spp. cause meningitis, septicaemia and NEC [32–34].
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Between 20 and 80% of the infants do not survive a Cronobacter infection [32–34]. 
Among those who recover from the disease, many suffer from lifelong sequelae [31]. 
The infection dose, for Cronobacter infections, is estimated to be between 100 and 
10,000 bacterial cells per meal [35]. This makes bacterial growth in the prepared food 
a necessary prerequisite for an infection, because these high numbers of Cronobacter 
cells are not reached in any kind of formula or extracted breastmilk. Although 
powdered infant formula is in most cases the source of the infection, it has to be 
regarded that the bacterium can also derive from utensils for formula preparation like 
bottles or teats, water and handling failures [31]. Biofilm formation is a risk factor 
for Cronobacter infections if feeding is done via stomach tubes for medical purposes 
[30, 31, 36]. Stojanovic et al. (2011) analysed 150 herbal teas and found 32% of the 
teas Cronobacter-positive [37]. Teas are part of the usual diet even of very young 
infants as early as the first week of life [38]. The teas are often kept over hours at the 
bedside of babies or patients and are used for oral hygiene or perfusion of stomach 
tubes [39, 40]. This makes teas a potential Cronobacter-infection risk.

Microorganisms for which World Health Organisation (WHO) experts see a 
causality between powdered infant formula and infections, but which has not yet 
been proven, are summarised in category B [14]. These are:

Pantoea agglomerans, Escherichia vulneris, Hafnia alvei, Klebsiella pneumoniae, 
Citrobacter koseri, Citrobacter freundii, Klebsiella oxytoca, Enterobacter cloacae, 
Escherichia coli, Serratia spp., and Acinetobacter spp.

Besides these species, other members of the Enterobacteriaceae have been reported 
to cause gastrointestinal infections such as Edwardsiella trada, Proteus mirabilis, 
Providencia alcalifaciens, Morganella morganii, Moellerella wisconsensis [16].

The group comprises Enterobacteriaceae with a known potential for opportunistic 
infections, which makes them particularly important for vulnerable patients like 
young children and preterm infants. The category has been extended to Acinetobacter 
spp., which does not belong to the genus Enterobacteriaceae but is regarded as a similar 
hazard for nosocomial infections. Category B has similarity to the so-called bile 
tolerant gram-negative bacteria (BTGNB), a method- and risk-based classification 
that is used by the US Pharmacopoeia. The BTGNB group includes all gram-negative 
bacteria that grow in the presence of bile salts and can utilise glucose [41]. The most 
important species in this group is Escherichia (E.) coli, which includes a number of 
enteropathogenic variants.

The other listed species include more particular pathotypes [36].
All Enterobacteriaceae are thermolabile and a rather mild heat treatment at 70°C 

over 2 min will eliminate them if the initial levels do not exceed an amount, which is 
usually assured by general hygiene measures. However low levels of Enterobacteriaceae 
can be expected in powdered infant formula even when these products have been 
manufactured according to all hygiene requirements. These nosocomial pathogens 
require fairly high infection doses (e.g. 108 and 1010 cfu per g for enterotoxic E. coli in 
adults) to cause illness [42]. In many cases, the infections are linked to tube feeding or 
catheter treatment. In most cases, multiplication of these bacteria in the feed is neces-
sary to reach the necessary dose for oral infections. This group of bacteria is often 
involved in the formation of biofilms [43, 44] which are a particular risk in constant 
feeding via tubes where giving sets can harbour biofilms. A feed contaminated with 
high numbers of bacteria poses a significant risk for handling contamination of 
intravenous catheters, which might cause a septicemic infection.
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E. coli is a member of the family of Enterobacteriaceae. The term coliforms, which 
is often found in this context, comprises a larger group of Enterobacteriaceae that have 
the ability to form acid from lactose and glucose. The group of coliforms includes E. 
coli, Citrobacter spp., Klebsiella spp., Enterobacter spp. and others [19, 45].

E. coli is part of the intestinal flora of humans and animals. E. coli indicates, 
therefore, faecal contaminations [45]. Usually, E. coli strains found in the human 
bowel are harmless commensals but an increasing number of sero- and pathotypes 
have been identified to be linked to diarrhea and, in some cases, severe complica-
tions [45]. A broad range of symptoms has been described, next to diarrhoea, fever, 
headache, abdominal spasm and nausea. Several types of pathogenic E. coli exist with 
different pathomechanisms based on adhesins, toxins, invasion proteins and defence 
mechanisms against host immunity. The main E. coli pathogen groups are:

Enteropathogenic E. coli (EPEC), which are an important causative agent of 
diarrhoea in infants and young children under 1 year of age with fever, vomiting or 
abdominal pain. Incubation times of 17 to 72 hours have been reported. The illness lasts 
between 6 hours and 72 hours. The adhesions structures bundle forming pili (Bfp) and 
the intimate attachment (EaeA-gene coded) are the underlying patho-mechanisms. 
EPEC generally do not produce any enterotoxins. A destruction of the intestine brush 
border microvilli (attachment and effacing lesions) is the consequence of the infection.

The Enteroaggregative E. coli (EAEC) carry a plasmid that enables them to 
produce fimbriae, short pilus-like structures that promote specific aggregation and 
adherence of the bacteria to the gut cells.. The EAEC are able to produce a heat-stable 
enterotoxin. These features result in a prolonged diarrhoea of more than 14 days, 
especially in children [19].

Enteroinvasive E. coli (EIEC): The illness caused by this group develops within 
2–48 hours. The EIEC strains invade the cells of the large intestine. Typical symptoms 
are bloody and non-bloody diarrhoea or dysentery with fever, headache, muscular 
pain and abdominal spasm [19].

Enterotoxic E. coli (ETEC): ETEC colonises the small intestine but do not enter 
the host cells. They produce toxins of a heat-labile and a heat stable type. The strains 
cause diarrhoea in infants but can also be pathogenic for adults, presenting as travel-
lers diarrhoea. The infection dose in adults is about 108 to 1010 cells and for infants 
some log units lower [19, 42].

The Enterohemorrhagic E. coli (EHEC) are also known as Verotoxin or Shiga-like-
toxin producing  E. coli (VTEC or STEC, respectively). The strains attach to the cells of 
the large intestine and cause lesions and bloody hemorrhagic colitis, the produced toxins 
(verotoxin, enterohemolysin) enter the bloodstream to cause kidney failure (hemolytic 
uremic syndrome - HUS) and can damage the blood cells (thrombotic thrombocytopaenic 
purpura - TTP). The detection of the Shiga toxin gene indicates always the potential of an 
EHEC infection including HUS and TTP. These diseases are very severe and particularly 
in infants, the risk of a fatal outcome or permanent kidney failure is high. The infection 
doses have been reported as low as 10 cells. The incubation period may range from 3 to 
9 days and duration of the illness from 2 to 9 days. EHEC are able to survive pH 2, which 
enables them to pass the gastric acid barrier [16, 19, 45].

A number of other pathogenic E. coli cause diseases of the urogenital system, 
meningitis and sepsis. These strains are usually not spread through the consumption 
of food [16, 46].

In category C, WHO experts included microorganisms for which they considered 
the causal relationship to be less plausible or for which it has yet not been possible to 
demonstrate that there is a stringent link between infant infections and powdered 
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formula. In some cases, infections in infants were reported but the concerned micro-
organism has not been isolated from infant formula, in other cases, the bacterium has 
been found in infant formula but was not linked to illness in infants. However, these 
organisms are well-known food pathogens and there is no reason that infants would 
not share the risk of other vulnerable groups [14]. The category C organisms are:

Bacillus cereus, Clostridium perfringens, Clostridium difficile, Clostridium  
botulinum, Listeria monocytogenes, Staphylococcus aureus, and coagulase-negative 
Staphylococci.

Bacillus (B.) cereus is a spore-forming bacterium and a well-known enteropathogen. 
It appears as gram-positive rod and is able to grow aerobically and anaerobically [47]. 
Some strains produce different toxins: a heat-sensitive enterotoxin, which causes 
diarrhea and is formed in the small intestine, although preformation in food is also 
possible. The extremely heat stable emetic toxin (cereulide) is performed in the 
affected food and causes an intoxication with symptoms occurring within 1 to 5 hours. 
The symptoms last for up to 24 h with nausea, vomiting and occasional diarrhoea. 
The numbers of bacteria cells found in food associated with B. cereus poisoning have 
usually been as high as 106 g−1. However, occasionally numbers as low as 103 g−1 were 
observed and should be regarded as a potential risk for infants especially. In most cases 
of B. cereus intoxication, a storage of the food at elevated temperatures made an exces-
sive growth of the bacterium in the food possible and resulted in a preformation of 
toxins. The heat stability of the emetic toxin bears the risk that during bacterial growth 
emetic toxin is formed and subsequent process steps reduce the B. cereus counts, but 
the toxin concentration remains at high levels. A classical microbiological analysis 
would not reveal the problem. The toxins are detectable only with more elaborated 
methods [45]. B. cereus is found in a wide range of environmental and food sources like 
soil, dust, surface water, cereals, milk and dairy products. B. cereus has been found in 
9–12% of fresh milk and in 35–87% of pasteurised milk samples. In powdered milk, B. 
cereus is a common contaminant and 50% of the powdered infant formula was found 
to be positive for B. cereus on low levels (10–100 g−1). While this does not pose an 
acute risk, problems can occur if there is temperature abuse or prolonged storage time 
after reconstitution of the formula, which allows bacteria to grow to higher numbers 
[16, 48]. Bacteria of the B. cereus group have a growth range between 10 and 50°C, with 
an optimum temperature of 28–35°C. Some psychotropic strains are capable to grow at 
4°C. The minimum pH of growth is 5.5, below 4.5 vegetative cells start to die off [16]. 
B. cereus spores are heat resistant and can, therefore, be expected after spray-drying of 
milk-based infant formula.

In newborn and preterm infants, clinical manifestations such as septicemia, 
respiratory tract infection, enterocolitis, hepatitis, endocarditis, endophthalmitis and 
encephalitis with cerebral abscess have been reported in infections with B. cereus. The 
severity of these infections in neonates ranges from symptomless gut colonisation to 
fatal outcomes in 40% of the cases. The role of bacterial exotoxins in these diseases is 
not clear [49]. Infection with B. cereus in infants is rare but severe. Between 1977 and 
2018 only 50 cases have been reported in the scientific literature. In most cases, the 
source of infection has not been proven and there have been suspicions about respira-
tory support equipment, umbilical catheterization, gastric feeding tubes, dried for-
mulas, extracted human breastmilk, linens, heating, ventilation and air conditioning 
systems [50]. Although the link between infection and extracted human breastmilk 
has never been proven, B. cereus remains a major concern in the hygiene management 
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of both extracted breast milk and infant formula. About 10% of the breastmilk bank 
amount is discarded in 9 of 10 cases due to contamination with B. cereus. Standard 
procedures for extracted human breastmilk handling include a pasteurisation step at 
62.5°C for 30 min but B. cereus in spore form can survive this treatment. Additionally, 
a post-pasteurisation contamination is possible as B. cereus is often found in the 
hospital environment [49].

Clostridia are gram-positive rods that grow only under strictly anaerobic condi-
tions  [19]. They are found ubiquitously in air, soil, water, faeces, milk and other foods 
[16, 45]. Foodborne illnesses can be caused by several species, including Clostridium 
(Cl.) perfringens, Cl. botulinum Cl. butyricum, Cl. sphenoides, Cl. sordelli, Cl. spiro-
forme, Cl. difficile and Cl. baratii [45].

Cl. perfringens has been found in low numbers in many types of processed food and 
is part of the physiological gut flora in low numbers. Cl. perfringens is able to grow at 
unusually high temperatures. The optimal growth temperature is 43–45°C where the 
generation time is rather short (7 minutes). The growth temperature range reaches 
from 15 to 50°C. The pH optimum for growth is quite narrow and stretches from 
pH 6 to 7; very little growth occurs below pH 5 or above pH 8.3 and in the presence of 
oxygen [16]. Cl. perfringens enterotoxins can cause food poisoning. Viable vegetative 
cells in large numbers (>105 g−1) in foods are necessary for foods to cause food poison-
ing [16]. The toxin is normally formed in the human intestine. Onset of symptoms is 
8–24 hours after ingestion of the contaminated food. The illness causes diarrhoea and 
severe abdominal pain. A full recovery is normally seen within 24 h. Complications 
and death from Cl. perfringens have been reported among vulnerable consumers. 
In preterm infants, the bacterium has been linked to NEC. About one-third of the 
preterm neonates have been seen colonised 3 weeks after birth. A colonisation was 
unlikelier with prolonged breastfeed, antibiotic treatments and oxygen support. The 
positive effect of breastmilk has been seen only for breast-fed infants and infants fed 
with extracted milk from their own mother. In pasteurised donor milk, the effects have 
not been observed [16, 51]. An antibiotic treatment can also cause imbalances of the 
gut flora causing severe health problems caused by Cl. perfringens or Cl. difficile. Cl. 
difficile belong to the normal gut flora but may cause also severe symptoms in neonates 
like diarrhoea with dehydration and electrolyte imbalance, abdominal pain and disten-
sion and poor weight gain sometimes with fatal outcome.

Cl. botulinum is much less often found then Cl. perfringens. Cl. botulinum is able 
to form seven different toxins. Responsible for most human botulism cases are the 
toxins A, B, E and F to lesser extent. There is a mesophilic group that is proteolytic 
and able to produce heat-resistant spores and a psychotropic group, which is often 
non-proteolytic and whose spores have only a low heat resistance [16]. Growth is seen 
from 20 to 40°C under strictly anaerobic conditions. The toxins of Cl. botulinum, 
which are pre-formed in food, initially cause vomiting and diarrhoea after ingestion 
and end with double vision, difficulty in breathing and paralysis. The toxins work by 
interference with nerve stimuli. The Cl. botulinum toxin is the most potential natural 
poison. Its lethal dose varies between 0.005 and 0.5 μg. 0.1 g of food in which Cl. 
botulinum has grown is sufficient to cause botulism [16, 45, 52].

A special form of botulism is infant botulism which may be caused by the inges-
tion of only a few spores. These multiply in the gut of the infant and produce toxins. 
The disease causes progressive paralysis that starts with constipation and develops 
into respiratory paralysis and death if untreated. The illness affects only infants 
below 1 year of age. Adults are protected by their normal, inhibitory gut flora. Infant 
botulism has been caused by honey in which 80 spores g−1 were present [53].
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In 2001, the case of a 5-month-old infant with infant botulism with a possible link 
to powdered infant formula has been reported. Cl. botulinum type A was found in 
faeces. In a powdered infant formula package fed to the baby and an unopened pack-
age of the same batch Cl. botulinum type B has been found. Therefore, no stringent 
link could be made between the formula and the illness but the case shows that infant 
feed is a potential source for infant botulism [54, 55].

L. monocytogenes is a non-sporing, gram-positive rod. The bacterium is faculta-
tively anaerobic with growth temperatures from 1 to 45°C and a growth pH between 
4.6 and 9.2. The range for optimal growth is 30 to 37°C and a pH of 7. It can cause lis-
teriosis with symptoms such as fever, headache, gastrointestinal problems and vomit-
ing, which can develop into meningitis or septicaemia, especially in vulnerable groups 
like neonates. Pregnant women may develop a flu-like disease, which could cause 
miscarriage or diaplacentar can harm the foetus. The infection can reach mortality 
rates of 30 to 40% in vulnerable groups. An infection dose of 106–109 cells is neces-
sary to cause infections in immunocompromised persons. However, in most cases, 
the human infections with L. monocytogenes remain clinically inapparent. Foods 
involved in the foodborne infections are raw milk products, raw vegetables and meat 
products. Pasteurisation temperatures can kill Listeria reliably, therefore a contamina-
tion of powdered infant formula from raw materials is unlikely but a recontamination 
from the environment remains possible [45]. In neonates, a listeriosis is seen in two 
forms. The granulomatosis infantiseptica listeriosis is an intra-uterine acquired infec-
tion with early onset (< 7 days of life). The incubation time for a listeriosis infection 
ranges between 3 and 70 days [45]. The onset of symptoms (fever, respiratory, circu-
latory and liver distress) of the early onset infection is usually seen within 2 days after 
birth. A second form is the late onset listeriosis with symptoms like hyperexcitability, 
vomiting, cramps and pneumonia. This infection is acquired during birth from the 
mother or after birth from the environment. Listeria infections can be transmitted 
directly in person-to-person contact or via food or other vehicles. Nevertheless, to our 
knowledge, a transmission with infant feed has not been reported so far [56, 57].

Staphylococcus (S.) aureus is a gram-positive coccus, which can grow aerobically or 
anaerobically. S. aureus grows between 7 and 48°C, with an optimum of 35–37°C and 
a pH range from 4.0 to 9.8 (optimum 6.0–7.5). S. aureus is inactivated by pasteurisa-
tion [45]. The bacterium can cause food intoxication when a heat stable enterotoxin 
is produced. The toxin is performed in the food when the bacteria have the chance to 
grow to high numbers. Staphylococci are poor competitors and do not grow well in the 
presence of other microorganisms. In food with considerable numbers of competitive 
flora, the presence of S. aureus may be unproblematic [16]. However, infant feed is a 
food with a very low bacterial flora, which gives contaminants, such as Staphylococci, 
enough room to multiply. There are eight different enterotoxins types, which can 
be produced by S. aureus. Most common in food intoxication is enterotoxin A. 0.1 
to 1 μg toxin in food can cause food poisoning [16, 19, 45]. The enterotoxin produc-
tion is linked to the bacterial growth and the amount of toxin produced depends 
on the strain and growth conditions (pH, temperature, water activity). Levels of 
105–106 cells per g of food have to be reached for relevant toxin concentrations. The 
symptoms of Staphylococcus-intoxication include nausea, vomiting, abdominal spasm 
and diarrhoea and headache and muscle spasm. The symptoms start abruptly within 
2–8 hours and recovery is normally seen within a few hours [16, 45].

In food microbiology, the focus is on coagulase positive Staphylococci which also 
include S. intermedius and S. hyicus. These two species can produce the enterotoxins 
also. The methicillin-resistant Staphylococci (MRSA) are a topic of concern in the 
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health care environment. MRSA have the same potential to produce enterotoxins as 
any methicillin-sensitive strain. In 2002, an outbreak of gastrointestinal illness has 
been linked to MRAS for the first time [58].

In very low-birthweight neonates infections with coagulase negative  Staphylococci 
are a matter of concern. These Staphylococci are responsible for more neonatal infec-
tions than S. aureus. S. epidermidis is the predominant species in these infections but 
there are also reports of neonatal infections with  S. hae molyticus, S. hominis,  
S. warneri, S. saprophyticus, S. cohnii and S. capitis [14, 59, 60].

The reservoir of S. aureus and other Staphylococci is the human mucosa in the nose 
and throat. S. aureus can be found on the nasopharyngeal mucosa of 20–40% of the 
healthy population in Germany and the Netherlands. The bacteria are often trans-
ferred by handling food from the skin of the operators [18, 45].

4. Microbiological quality parameters of infant food

Powdered infant formula is manufactured under high-standard hygiene condi-
tions. Therefore, the products have an extremely low bioburden but are not sterile. 
To control the microbiological quality of the powders, quality parameters have been 
laid down in different legislations and recommendations. The European legal stan-
dards consist of three types of parameters. These are, on the one hand, direct tests 
for pathogens or safety criteria (Cronobacter, Salmonella, Listeria, S. aureus, B. cereus, 
E. coli and C. perfringens) and, on the other hand, the following two process hygiene 
criteria:

a. the index microorganisms that point to the possible occurrence of pathogenic 
organisms in foods (Enterobacteriaceae, sulphite reducing Clostridia).

b. indicator organisms that are used for the validation and control of the process 
integrity and hygiene (total viable count (TVC), yeast and moulds and Enterococci).

The pathogens have been discussed in detail above. Quality control tests for 
Salmonella and Cronobacter are required in most legislations. Commission Regulation 
(EC) No 2073/2005 [46] requires to prove the absence of Salmonella in 30 times 25 g 
and Cronobacter in 10 times 30 g for dried infant formula and products for special 
medical purposes for infants under 6 months of age. Additionally, ready-to-eat foods 
for infants are required to be negative for L. monocytogenes in 10 times 25 g.

Similar requirements are found in a number of national and international stan-
dards. For Cronobacter and Salmonella criteria identical to the Commission Regulation 
(EC) No 2073/2005 [46] are found in the Codex Alimentarius documents [61] and the 
US-FDA requirements [62].

The process hygiene criteria are used to indicate the possible presence of an 
underlying contamination with severe pathogens. The Commission Regulation 
(EC) No 2073/2005 [46] has defined process hygiene criteria. Presumptive B. cereus 
is an indicator for toxigenic B. cereus, which has to be tested 5 times in 1 g (counts 
exceeding 500 cfu/g are not acceptable but one sample with counts between 50 and 
500 cfu/g is accepted). Enterobacteriaceae have to be absent 10 times in 10 g. The 
presence of Enterobacteriaceae indicates an elevated risk for the presence of noso-
comial pathogens of the BTGNB-group including Salmonella and Cronobacter. The 
Commission Regulation (EC) No 2073/2005 [46] lays it in the hands of the infant 
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formula manufacturer to prove a stringent link between Enterobacteriaceae and 
Cronobacter. If this is possible, parallel tests for both species are not required as long 
as tests for Enterobacteriaceae are negative.

Another group of bacteria with index function are sulphite reducing Clostridia 
(SRC). The bacteria are gram-positive anaerobic rods and can reduce sulphite to H2S, 
which is of interest as an analytical characteristic for differentiating Clostridia from 
competing flora. The SRC are used as indicators for pathogenic Clostridia. These micro-
organisms are spore formers and can survive heat treatments such as pasteurisation 
steps. Therefore, the SRC also serve as good indicators of the microbiological quality 
of the processed raw materials [63]. The International Commission on Microbiological 
Specifications for Foods (ICMSF) regards SRC as a valuable parameter to indicate 
pathogenic Clostridia. A proposed limit of 100 cfu/g could show that the established 
hygiene control measures are sufficient to keep the risk for Cl. botulinum negligible [64].

Enterococci are used as an indicator bacterium for faecal contamination, often 
together with E. coli or coliforms. In powdered infant formula, Enterococci can be a 
useful indicator for severe hygiene failures as they have a higher heat resistance than 
gram-negative non-spore-forming rods and may reflect better the hygiene history of 
the production and raw material quality. Moreover, Enterococci are opportunistic patho-
gens and might pose a direct health hazard to vulnerable consumer groups like preterm 
infants [65]. Enterococci are usual contaminants in powdered infant formula and do not 
pose a direct health hazard in low numbers [66]. Elevated levels of Enterococci might 
indicate shortages in the production or handling hygiene of infant feed.

An obvious link between process and handling hygiene provides the total aerobic 
plate count. If elevated total aerobic plate counts are found this may be due to the 
poor quality of raw materials, inadequate cleaning of processes, the growth of micro-
organisms during manufacturing or recontamination after heat treatment. The Codex 
Alimentarius committee recommends a microbiological limit for mesophilic plate 
count of 5000 cfu/g with five samples to be tested of which two are allowed to range 
between 500 cfu/g and 5000 cfu/g [61].

The count of yeast and mould can support the assessment of the process quality. 
These microorganisms are found in powdered formula in small numbers, and num-
bers exceeding 100 cfu/g might indicate a hygiene problem [67]. A number of moulds 
are able to produce toxins, which could be e.g. carcinogenic. Therefore, an elevated 
level of moulds in the powdered formula is always a matter of concern.

5. Hygiene aspects in handling infant food

Certain microorganisms can survive the manufacturing process of powdered 
infant formula and may be present in low concentrations. Although the bacteria are 
not able to proliferate in the formula, some of them may remain viable for a long time. 
In addition, pathogens can also get into the formula afterwards, e.g. through con-
taminated preparation utensils or through inadequate hygiene. In turn, bacteria can 
multiply quickly in the ready-prepared formula if it is not properly cooled. Therefore, 
infant starter formula should be fed directly after preparation (i.e. within 2 hours) 
[68]. This recommendation applies in private households without exception.

Boiled drinking water has to be used for infant formula for children during their 
first months of life. Local sources of water contamination as well as long holding 
times of the water in pipes or the formation of biofilms on taps can result in higher 
levels of microbes and pathogens even in drinking water. Sterile filters are sometimes 
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used as an alternative to the boiling of water. However, a recontamination may take 
place downstream of the filter. The process of boiling water serves to reduce and 
eliminate microbial risks but at the same time can lead to additional health risks to the 
infant, such as scalding or burn injuries. Feeding insufficiently cooled formula can 
cause scalding in the mouth of the infant. In order to avoid the latter, a few drops of 
the prepared formula from the baby bottle should be applied to the inside of the wrist 
to test the temperature. These drops of formula should not feel warm and certainly 
not hot. If the temperature control is done with thermometers, the contamination risk 
has to be regarded. Therefore, the use of a contactless infrared thermometer is recom-
mended. The widespread practice of parents testing the temperature by drinking the 
infant’s formula by themselves has to be avoided since a transfer of microbes from the 
oral flora of the parents to the infant will occur and that could later cause problems 
such as dental caries. The general hygiene criteria for the preparation of powdered 
infant starter formula also apply to preterm infants who have reached the stage where 
they can be fed in the same way as full-term infants. The handling requirements must 
also be complied with after the discharge from the hospital in private households, 
childcare facilities and daycare centres.

In the professional care environment (e.g. in day nurseries or hospitals) some 
deviating practices have been established like the preparation of larger quantities of 
formula in advance if preparation just before consumption is not possible. However, 
this approach requires an effective hygiene regimen and precise temperature monitor-
ing. Sterile (aseptic) conditions are required in the facility used for preparation, and 
both the storage and transportation of the prepared formula must be temperature-
controlled (no more than 24 hours at below 5°C) [68]. For these reasons, the prepara-
tion of formula in advance should only be practised in a professional environment, 
and even here, the alternative option of using commercial sterile liquid formula 
should be considered, since the storage of prepared infant formula always involves a 
greater risk [68].

When mixing powdered infant formula with water, the temperatures specified 
by the manufacturer must be strictly observed. Water temperatures ranging from 
roughly 20–50°C are appropriate for preparation. The formula must have cooled 
down to drinking temperature before feeding. The following hygiene rules must be 
observed during preparation [69]:

• Washing the hands thoroughly with soap and hot water (under a running tap) 
before preparation

• Thoroughly cleaning of bottles, spoons and teats with detergent and hot water, 
and afterwards proper drying. Boiling these utensils or immersing them in 
boiling water for at least 2 minutes provides an extra level of safety. The use of a 
commercial steriliser for baby bottles is also an option. These kinds of heat deac-
tivation techniques are especially recommended for the care of infants, which 
have been born prematurely and in professional childcare environments.

• Powdered infant formula must never be prepared at the same time or space with 
the preparation of other foods, especially raw foods. A separation from equip-
ment cleaning activities has to be applied as well.

• Powdered milk formula has to be stored in a dry, cool place and sealed tightly. 
Additional information is provided by the manufacturer.
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• The bottles should only be prepared shortly before feeding and cooled to drink-
ing temperature as quickly as possible (max. 15 min) to avoid the proliferation of 
microbes.

• The feeding should be finished within 2 hours and any remains of prepared 
formula have to be disposed of immediately.

• If a formula is allowed to dry in the equipment, cleaning is much more difficult. 
Therefore, bottles and teats should be rinsed with drinking water directly after use.

• Measuring scoops should be stored separately from the powder in a closed 
container and touched only by the handle. If the scoop is provided in the powder, 
it should be removed from the package with a clean set of tweezers.

• As an alternative to a formula preparation in advance for occasions like feeding 
infants at night, travelling with infants or preparing daily portions of formula 
for later feeding in childcare facilities, the best approach is to portion the powder 
into clean and dry bottles, store the boiled drinking water in a clean and sealed 
thermos flask and mix both only shortly before feeding. Professional childcare 
facilities like hospitals have particular strict conditions for the preparation of 
formula, they make a storage at below 5°C for a maximum of 24 h possible. The 
formula has to be portioned into separate bottles under the same strict hygiene 
condition immediately after preparation. Before storing in the refrigerator, 
the bottles have to be cooled down to room temperature as quickly as possible 
e.g. under running water. In such cases, the refrigerator temperature must be 
documented at regular intervals. At temperatures above 5°C, slow but constant 
bacterial growth is possible in the formula.

• Additives like fortifiers have to be added immediately before feeding if necessary.

• When brought to drinking temperature (max. 37°C) with a bottle warmer as fast as 
possible (max. 15 min) the formula can be fed to the infant within 2 hours. These 
temperatures offer ideal conditions for bacterial growth during prolonged feeding.

Preterm infants require special care and a high hygiene standard during their first 
days or weeks of life. The infants are usually nursed in hospitals during this critical 
period. In the hospital environment, special hygienic requirements have to be met. 
Therefore, it is recommended to establish a dedicated milk preparation room [70]. 
The hygiene requirements for the milk preparation room should be described in detail 
in a hygiene plan that covers the following aspects as a minimum [69]:

Structural requirements:

• The milk preparation room should be a defined environment with conditioned 
air (defined temperature and humidity). Only authorised staff should get access 
to the milk preparation room, so access has to be regulated. The staff has to be 
trained on hygiene rules on a regular basis. The traffic routes in the facility have 
to be defined to minimise the risk of cross-contamination. A one-directional 
flow from powdered formula to the prepared bottles or feeding containers is 
recommended and crossing traffic of waste, formula for disposal or equipment 
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for cleaning with prepared formula and sterilised equipment has to be avoided. 
The handling of fresh formula should be organised in a “white” area which is 
separated from the grey area used for the handling of bottles and equipment for 
cleaning.

Equipment:

• The equipment for use has to be defined. For extremely critical techniques like 
tube feeding, one-way material should be used consequently. This kind of mate-
rial is for single use only and must not be reused. This applies also to relatively 
short time frames. The materials have to be disposed of in a way that a mix-up 
with new unused material and unintended reuse can be excluded. Re-useable 
material has to be cleaned in a validated cleaning procedure.

Procedures:

• A risk assessment for the different types of feed should be done. There are 
types of feed with elevated hygiene risks like tube feeding and unfreezing and 
supplementing extracted human milk. The procedures for preparation must 
be specified in detail. A picture board is recommended to illustrate the differ-
ent preparation procedures for the staff. The preparation of especially critical 
feeds can be done under a laminar airflow. Tools for risk management like a 
HACCP (Hazard Analysis Critical Control Point) concept should be applied and 
a detailed documentation of the preparation process must be established. This 
should include the key facts of the prepared formula such as batch number of 
formula, preparation staff, preparation time, preparation amount and storage 
temperatures. A retention sample of each prepared batch has to be kept for at 
least 5 days, preferably deep frozen.

Cleaning and disinfections:

• The cleaning process has to be validated for the different materials in use (glass, 
polycarbonate, etc.) for the temperature applied, detergents and disinfectants, 
the application times and the used disinfection equipment.

• Hygiene monitoring in the milk preparation room:

• The milk preparation room must be part of the general environmental moni-
toring of the hospital. Microbiological surface swabs have to be taken from 
critical spots. General hygiene parameters such as total plate count should be 
included as well as critical parameters such as Salmonella, Cronobacter and 
Enterobacteriaceae.

Requirements for personnel:

• The personal hygiene of the employed staff has to be defined according to hand 
washing and disinfection. The hand washing and disinfection should be moni-
tored by microbiological hand swabs on regular basis. Jewellery, skin piercings 
artificial fingernails and nail polish are not accepted. Behaviour rules for the milk 
preparation room have to be defined e.g. the use of cell phones is not allowed and 
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people with gastric or respiratory infections are not allowed in the room. The 
work clothing has to be worn exclusively in the milk preparation room. Hair and 
beards have to be covered and for critical operations, a mouth mask and possibly 
disposable gloves should be worn.

Quality controls (microbiological monitoring):

• The prepared formula, extracted human milk and the used materials like 
powders and equipment should be monitored on a regular basis. Details on the 
quality parameters of infant formula have been described before.

6. Conclusions

The personnel employed in the milk preparation room must have the appropri-
ate qualifications to ensure compliance with these special hygienic requirements. 
The in-house monitoring systems and hygiene management measures have to be the 
subject of regular instructions and training. Personal hygiene, like regular, hygienic 
hand washing, and wearing of hygienic clothing, including a head covering and pos-
sibly disposable gloves, is the personal responsibility of each employee. The hygienic 
approach to infant formula preparation and compliance with all guidelines, together 
with the full documentation and reporting of deviations from these rules is a manage-
ment task for the concerned section.

In the case of premature babies and immunocompromised infants, the assess-
ment of the individual nutritional requirements is the responsibility of the medical 
practitioner. This includes also the risk assessment for lactogenic viruses. There are 
some viruses, which can be transferred from the lactating mother to the newborn 
with human milk. The risks of infection have to be assessed individually regarding the 
clinical situation of the mother and the newborn [71].

In cases where breastmilk is not available sterile ready-to-feed formula products are 
the best alternative from a hygienic point of view. However, often these formulae do not 
meet the individual nutritional needs of an especially susceptible group of infants to 
the fullest extent. Accordingly, these products or the breastmilk must often be enriched 
with food supplements like breastmilk fortifiers. Their addition poses a hygiene risk and 
has to be done as hygienically as possible immediately before use as described above.

Powdered infant formula provides some more flexibility to combine the feed 
according to the individual requirements of the infant. However, the powders are not 
sterile. The reconstitution of the formula with water at temperatures above 70°C has 
often been recommended to reduce the microbiological risk. But the procedure has 
been found to be very inefficient for this purpose. Therefore, a case-by-case decision 
should be made weighing the potentially damaging effects of heat on the individually 
formulated nutrient concentrate against the benefits of reducing microbiological risks.
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Chapter 3

About a New Palpation Sign in the 
Diagnosis of Acute Appendicitis 
in Children and Women of 
Childbearing Age
Vitezslav Marek, Stefan Durdik and Roman Zahorec

Abstract

Acute appendicitis (AA) is defined as nonspecific bacterial inflammation of the 
appendix vermiformis and is the most common acute abdominal condition requiring 
surgical intervention. The clinical picture of atypical forms of AA (children, women 
of childbearing age) is often insidious with its unpredictable onset and course. The 
diagnosis is particularly problematic. The new palpation sign consists of two reflex arcs. 
The visceral reflex arc ensures the diagnosis of an early stage of acute appendicitis, on 
the other hand, the somatic reflex arc points to the late stage of acute appendicitis. Due 
to the technical simplicity of the new palpation sign and the positioning of the patient 
during the examination, it is effective in a restless and distrustful child, as well as in 
women of childbearing age in differentiating AA from a gynecological disease.

Keywords: new palpation sign, visceral reflex arc, somatic reflex arc, children,  
women of childbearing age

1. Introduction

Almost 140 years after its first description by Fitz (1886), acute appendicitis (AA) 
remains an insidious, unpredictable, and dangerous disease, which causes diagnostic 
difficulties with its unpredictable onset and course. The diagnosis of atypical forms of 
AA is particularly problematic, especially in children and women of childbearing age.

Overall, 1–8% of children presenting with abdominal pain have AA [1]. In young 
children (newborns and infants), appendicitis is an uncommon event with a varied 
presentation and complications that can develop rapidly [1]. The incidence of acute 
appendicitis gradually increases after birth, peaks during the late teens, and gradu-
ally declines in the geriatric age. A Danish study reported an annual incidence of 
2.22/10,000 among boys under 4 years of age and 1.82/10,000 among girls under 
4 years of age. The annual incidence among 10–19-year-old boys and girls was 
22/10,000 and 18/10,000, respectively [2]. The rate of incorrect diagnosis concern-
ing AA ranges from 28% to 57% in 2–12-year-old children, and is almost 100% in 
children under 2 years of age [3]. The risk of AA perforation decreases with the child’s 
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age as follows: 100% < 1 year; 100% 1–2 years; 83.3% 2–3 years; 71.4% 3–4 years; 
78.6% 4–5 years, and 47.3% 5 years [4]. The reason is delayed diagnosis of the disease 
in young children.

Early diagnosis of AA in children is therefore a challenge for the physicians.
In women of childbearing age, the anatomical proximity of the appendix ver-

miformis to the internal genitalia causes frequent diagnostic confusion of AA with 
gynecological diseases (e.g., an ectopic pregnancy, pelvic inflammatory disease, 
midcycle pain occurring with ovulation, endometriosis, ovarian torsion) [5, 6]. AA is 
more common in men than in women (3:2) [7]. Despite this statistical data, the risk 
of a lifelong acute appendectomy in women is higher than in men (2:1), which can be 
explained by the more difficult diagnosis of AA in women, with a higher number of 
preventive appendectomies with negative histological findings [7].

In this chapter, we present scientific and medical societies a new palpation sign as 
a reliable tool for the diagnosis of atypical forms of AA (i.e., in children and women 
of childbearing age) and an effective indicator for surgical intervention.

2. New palpation sign

The new palpation sign (described by Vitezslav Marek in 2020) belongs to the 
group of viscerosomatic palpation signs. Its benefit lies in the diagnosis of AA in 
patients at risk, such as children and women of childbearing age.

2.1 Description of the new palpation sign

“We place the patient on his/her left side with their knees bent. In children, we 
palpate the abdomen with our right hand. The thumb is located in the lumbar region 
and pushes into the abdominal cavity. Using 2–4 fingers, the surgeon pushes the 
abdominal wall of the right hypogastrium into the abdominal cavity. If we notice 
pulsation of the iliac artery, the sign is considered negative, i.e., this sign excludes AA. 
If a deep palpation induces a contracture of the abdominal wall (abdominal guarding) 
which does not allow the pulsation of the iliac arteries to be felt, even when the child 
is exhaling, the sign is considered positive, i.e., there is a high probability of acute 
appendicitis (Figure 1)” [8, 9].

“We examine the abdomen of a woman of childbearing age bimanually. The 
thumbs press on the lumbar region, pushing it into the abdominal cavity. Using the 
fingers of both hands, the surgeon pushes the abdominal wall of the right hypogas-
trium into the abdominal cavity. With pulsation of the iliac artery during palpation, 
the sign is considered negative, i.e., it excludes AA. Attention should be paid to 
examining the internal genitalia of the woman. If deep palpation induces a contrac-
ture of the abdominal wall (abdominal guarding) that does not allow the pulsation of 
the iliac artery to be felt, the sign is considered positive, i.e., there is high probability 
of acute appendicitis (Figure 2)” [8, 9].

2.2 Clinical anatomy of the new palpation sign

Neurological basis of the palpation sign is a combination of a somatomotor and vis-
ceromotor segmental reflex mediated by the intercostal nerves (Th6–Th12). Reflexes 
are activated through deep palpation of the abdominal wall of the right hypogastrium, 
which touches and compresses the inflamed appendix vermiformis [8].
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Figure 1. 
(a) Examination of a child younger than 3 years of age. Position of the “pietá di Michelangelo” (authors archive). 
(b) Examination of a child older than 3 years of age (authors archive).

Figure 2. 
Examination of a woman of childbearing age (authors archive).
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The somatomotor reflex is induced by pressing the inflamed parietal peritoneum of 
the abdominal wall of a patient with an inflamed appendix. The nerve impulse is trans-
mitted from the receptors of the parietal peritoneum of the abdominal wall through 
the afferent fibers of the cerebrospinal nerve pathway to the spinal ganglion cells in the 
posterior roots of the spinal cord, where they are connected to the alpha motor neuron 
via an interneuron. The alpha motor neuron originates from the anterior spinal roots, 
innervates the abdominal muscles, and activates the abdominal guarding [8].

Visceromotor reflex is formed by compression of the inflamed appendix through 
the abdominal wall, no peritonitis is required. The nerve impulse transmits from 
receptors located in the appendix wall (the Pacinian bodies and the free nerve end-
ings) through the afferent splanchnic nerve pathway to the posterior roots of the 
spinal cord. The close anatomical location of afferent splanchnic, cerebrospinal 
fibers, and the alpha motor neuron causes the intense signal created by compression 
of the inflamed appendix to induce a “spillover” phenomenon with direct activation 
of the alpha motor neuron, causing abdominal guarding (Figure 3) [8].

Activation of the somatomotor and visceromotor reflex results in spasm of the 
abdominal muscles—“abdominal guarding”—preventing deeper abdominal palpa-
tion and palpation of the iliac artery pulsations [8].

3. Clinical presentation and diagnosis of AA

3.1 Children

In early childhood, the diagnosis of AA is difficult and in most cases delayed. This 
delay is caused by its nonspecific clinical manifestation, which is often covered up by 
other nonspecific childhood diseases, as well as the child’s inability to describe and 
specify their own health problems.

Newborns (birth to 30 days) with AA usually present with abdominal distension 
in 60% to 90%, vomiting 59%, palpable mass 20–40%, irritability or lethargy in 22%, 

Figure 3. 
(a) Somatomotor reflex. (b) Visceromotor reflex. 1, Afferent fibers of the pseudo unipolar cell; 2, posterior spinal 
roots; 3, interneuron; 4, alpha motor neuron; 5, associated ascending pathways (into the brain); 6, associated 
ascending pathways (into the brain) [10].
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cellulitis of abdominal wall in 12–16%, hypotension, hypothermia, and respiratory 
distress [11]. AA is rare in this age group. This is explainable by the so-called fetal 
appendix shape (orificium of the appendix to the caecum is wide) with a low ten-
dency to obstruction of the lumen and subsequent formation of AA.

AA in newborns progresses rapidly due to:

• a small omentum majus—unable to limit inflammation in the right 
hypogastrium,

• low plasticity of the peritoneum—the inability to isolate and limit inflammation,

• low resistance of the child’s organism to infection.

Infants and toddlers (less than 3 years) with AA usually do not respond to 
caressing and are not satisfied in their mother’s arms. In most cases, a caring mother 
only suspects that the child has a stomach ache, but cannot explain it exactly. In such 
cases, the recommendation of Professor Tosovsky applies: “We must never under-
estimate and contradict mother’s opinion, thinking that our professional knowledge 
entitles us to do so. It is the quickest way to a mistake” [12]. Maternal instinct is 
important in diagnosing AA in this age group. It is questionable whether mothers who 
prioritize career and personal life over child care have developed this maternal bond.

The prominent symptoms in this age group are vomiting (85–90%), pain 
(35–81%), fever (40–60%), diarrhea (18–46%), cough or rhinitis (40%), grunting 
respiration (8–23%), right hip mobility restriction, pain, and limping in 3–23% [13].

Preschool (age 3–5 years). Even in this age group, the incidence of AA is rare and 
accounts for less than 5% of all childhood appendicitis [1]. With growing age, chil-
dren are able to communicate well and can describe the symptoms of acute appendici-
tis, early diagnosis of acute appendicitis becomes more easy and accurate. Abdominal 
pain dominates in AA in pre-school children (89–100%). This is followed by vomiting 
(66–100%), fever (80–87%), and anorexia (53–60%) [1].

3.1.1 Clinical examination

During the clinical examination of the abdomen, each patient is approached 
individually.

The nature of the child, the level of dissimulation is assessed through calm and 
repeated examinations. When palpating the abdomen, the overall reactions of the 
child are evaluated—facial redness, involuntary movements of the limbs, and

Macenko’s interesting observation: “…when palpating in the right hypogastrium, 
the child pulls the right lower limb and pulls the examiner’s hand away” [14].

The effort is to identify palpable pain in the right hypogastrium and the presence 
of peritoneal irritation, which represents a “sign over sign.” A certain degree of expe-
rience is necessary to distinguish the protective muscle tension of the abdominal wall 
(abdominal guarding in peritonitis) from the free contraction of the abdominal wall 
in children due to their fear. The new palpation sign eliminates this disadvantage. Its 
essence is the palpation of the pulsation of the iliac artery, not the subjective assess-
ment of pain and reflex tension of the abdominal muscles. Palpation of the pulsation 
of the iliac arteries is an objective indicator that is not affected by the restlessness of 
the child.
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3.1.2 Ultrasonography (US)

Using US for the acute appendicitis diagnosis is convenient and safe, but its 
effectiveness is highly operator dependent. Basic ultrasound findings indicating 
acute appendicitis are: swollen appendix (diameter > 6 mm), an appendicolith, high 
echogenicity surrounding the appendix (caused by inflammation), pericecal free 
fluid, and thickened bowel loops with weakened peristalsis [15, 16]. The analysis by 
Yasmine Lounis et al. found that the sensitivity for first abdominal US diagnosing AA 
in children was 65.5%. In most of children in whom abdominal ultrasound was false 
negative, appendix was either not or incompletely visualized [17].

3.1.3 Computed tomography (CT), magnetic resonance imaging (MRI)

CT has been considered the radiological gold standard to confirm clinical and US 
suspicion of appendicitis with high sensitivity and specificity (72–99% and 84%) 
[18]. Among the basic diagnostic signs in a CT examination of a child with AA are:

swollen appendix (diameter more than 6 mm), focal apical thickening of the 
appendix, lymphadenopathy, presence of an appendicolith and abscesses [16]. 
Repeated CT carries a proven risk of increased cancer incidence in children, and its 
use should therefore be limited to clear indications with a well-defined risk-benefit 
ratio [19]. Advantages of CT include less operator dependence, easier visualization of 
the retrocecal appendix, and less intestinal gas interference.

A Finnish study demonstrated comparable diagnostic accuracy of contrast-
enhanced low- dose CT and standard CT in the diagnosis of AA, with the mean 
radiation dose of low-dose CT significantly reduced (3.33 vs. 4.44 mSv) [20].

Magnetic resonance imaging (MRI) is a feasible alternative to CT for secondary imag-
ing in AA in children and can reliably distinguish perforated from non-perforated AA [21].

3.1.4 Biochemical and hematological markers

Various biochemical and hematological markers have been established for improv-
ing the diagnostic accuracy of acute appendicitis in younger children (Table 1). Below 
the common ones are discussed:

3.1.5 Complete blood count (CBC) and CRP

Although the white blood cell (WBC) count is increased in acute appendicitis, still 
it is nonspecific and insensitive. Furthermore, the WBC count cannot differentiate 
between a complicated and an uncomplicated acute appendicitis.

C-reactive protein (CRP) is a nonspecific inflammatory mediator. It has a sen-
sitivity of 43–92% and a specificity of 33–95% for diagnosing acute appendicitis in 
children presenting with abdominal pain [23]. The sensitivity of leukocytosis and 
increased neutrophil count may approach 98% with an elevated CRP for diagnosing 
acute appendicitis [24].

3.1.6 Neutrophils-to-lymphocytes (NLR) ratio

The neutrophil-to-lymphocyte ratio (NLR) is a simple, inexpensive, and reliable 
parameter of systemic inflammation. The NLR is derived from a differential of white 
blood cells when the number of circulating neutrophils is divided by the number of 
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circulating lymphocytes. Kahramanca et al. reported NLR limit values of 4.68 (65% 
sensitivity, 55% specificity) for the diagnostics of acute appendicitis and NLR ≥ 
5.74 (71% sensitivity, 49% specificity) for distinguishing between complicated and 
uncomplicated appendicitis [25]. Shashirekha et al. reported NLR limit values of 3.0 
(81% sensitivity, 53% specificity) and 5.5 (78.4% sensitivity, 41.7% specificity) for the 
diagnostics of AA and perforated appendicitis, respectively [26].

A combination of clinical examination (with new palpation sign), laboratory tests, 
and US may significantly improve diagnostic sensitivity and specificity.

3.1.7 Algorithm for diagnosis and treatment of children with suspected AA

Acute appendectomy is indicated in children with suspected AA with positive 
clinical examination (new palpation sign) and a positive US, without the needs of 
a CT scan or MRI. If the clinical examination (new palpation sign) is negative, if 
US is suspected, conservative treatment (antibiotic therapy) with patient observa-
tion (repeated clinical and US examination every 6 hours) is recommended. MRI 
or diagnostic +/− therapeutic laparoscopy is indicated for failure of conservative 
treatment (Figure 4) [9].

Several studies on this topic have shown no difference in the rate of postopera-
tive complications between children who underwent appendectomy after failure of 

In blood/serum In urine

White blood cell count (WBC) Urine 5-hydroxyindoleacetic acid (5-HIAA)

Differential leukocyte counts (DLC Urine leucine-rich alpha glycoprotein-2 (LRG)

C-reactive proteins (CRP)

Erythrocyte sedimentation reaction (ESR)

Tumor necrosis factor alpha (TNF-alpha), acid)

Alpha1-glycoprotein (alpha1gp)

Leucocyte elastase complex (elastase)

Interleukin-8 (IL-8)

Interleukin-6 (IL-6)

Interleukin-10 ( IL-10)

Granulocyte colony stimulating factor

Interferon gamma

Soluble intercellular adhesion molecule-1

Matrix metalloproteinase-9

Tissue inhibitor metalloproteinase-1

Serum amyloid A

Plasma calprotectin

Plasma serotonin

Serum leucine-rich alpha glycoprotein-2 (LRG)

Procalcitonin

Table 1. 
The most common biological markers used in the diagnosis of appendicitis [22].
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conservative (antibiotic) treatment and children who were treated surgically at the 
first presentation of AA [27, 28].

3.2 Women of childbearing age

The course of AA in a woman of childbearing age can be confusing and still 
presents a diagnostic problem, in which it is necessary to distinguish between gyneco-
logical and non-gynecological diseases (Table 2).

AA and pelvic inflammatory disease (PID) are two of the most common causes of 
abdominal pain in women of childbearing age [6]. PID encompasses a spectrum of 
diseases that include salpingitis, endometritis, and tuboovarian sepsis.

As with AA, the diagnosis of PID is extremely important because more than 60% 
of women who experience severe PID or multiple episodes of PID become infertile. 
In addition, missed or delayed diagnosis is associated with chronic pelvic pain and 
ectopic pregnancy [29].

The first symptom differentiating AA from PID is the duration of abdominal pain. 
The pain of acute appendicitis usually lasts 24–36 hours, while the pain of PID can last 
for weeks or until it is treated and is characterized by no worsening.

A study by Morishita et al. from 2007 is currently the most relevant in terms of 
the clinical picture of these two pathologies. In this retrospective study, data from 181 
women with abdominal pain, 109 with a diagnosis of appendicitis, and 72 with PID 
were analyzed. Women with PID were younger, with bilateral pelvic pain and fever. 
Conversely, women with acute appendicitis initially had periumbilical pain migrating 
to the right iliac fossa, loss of appetite, nausea, and vomiting [30].

Figure 4. 
Algorithm for diagnosis and treatment of children with suspected AA (authors archive).
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3.2.1 Clinical examination

During the clinical examination of the abdomen in a woman of childbearing age, 
the position of the patient at the new palpation sign is used to distinguish AA from 
PID. Its principle lies in the different degree of fixation of the appendix and internal 
genitalia in the female abdominal cavity. When positioning the patient with PID on 
the left side, the maximum palpable pain shifts from the Mc Burney point toward the 
left hypogastrium, the pulsation of the iliac artery is palpated. On the contrary, in 
AA, the pain remains fixed at McBurney’s point, palpation causes contracture of the 
abdominal wall and does not allow to feel the pulsation of the iliac arteries.

A complete clinical examination must always include a gynecological examination 
with a smear from the cervix to detect possible infections and a transvaginal US. In 
addition, an adequate sexual history should always be investigated (e.g., the presence 
of an intrauterine device that can cause PID).

3.2.2 Ultrasonography (US)

Among radiological examinations, US is certainly the first diagnostic step in young 
women of childbearing age with acute abdominal pain. Its sensitivity and specificity 
are relatively low, because both clinical diagnoses (AA, PID) have similar US sings. 
Among the US signs defining acute appendicitis can be included: non-compressible, 
aperistaltic tubular structure with a blind end with a diameter greater than 6 mm, 
echogenic periappendicular fat (due to inflammation) and hyperemia in the thick-
ened wall of the appendix identified by color Doppler ultrasound [31]. Abdominal 
ultrasound in the diagnosis of acute appendicitis has a sensitivity of 75–90% and a 
specificity of 85–98% [16]. In case of an ambiguous diagnosis, transvaginal US is 
indicated, which enables more accurate visualization of the adnexa and uterus.

Lower quadrant abdominal pain in young women

Non-gynaecological disease Gynaecological disease

Appendicitis Ectopic pregnancy

Crohn’s disease Ruptured follicular or corpus luteum cyst

Meckel’s diverticulitis Ovarian torsion

Sigmoid diverticulitis PID

Perforated peptic ulcer Haemorhage of an ovarian cyst

Viral gastroenteritis Mittelschmera

Mesenteric adenitis Endometriosis

Ventral and inguinal hernias

Urological disease:

Pyelonephritis

Perinephric abscess

Urolithiasis

Urinary tract infections

Table 2. 
Differential diagnosis of diseases causing pain in the right hypogastrium in women of childbearing age.
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3.2.3 Computed tomography (CT), magnetic resonance imaging (MRI)

When the clinical presentation is nonspecific and the ultrasound is non-diag-
nostic, patients undergo abdominopelvic computer tomography (CT) with contrast 
medium [30].

Hentour’s criteria (appendiceal diameter and left tubal thickening) are used for 
CT differential diagnosis of AA and PID.

When interpreting an abdominopelvic CT in women of childbearing age with 
suspected AA, the following procedure is recommended:

1. Measurement of the diameter of the appendix

2. Measurement of the thickness of the left Fallopian tube.

If the diameter of the appendix is < 7 mm and the thickness of the left Fallopian 
tube ≥ 10 mm, appendicitis is improbable, PID highly probable. If the diameter of the 
appendix is ≥ 7 mm and the thickness of the Fallopian tube does not reach 10 mm, the 
diagnosis of AA is confirmed [32]. The most common direct CT signs of PID include:

haziness of the pelvic fat, obscuration of the pelvic fascial planes, thickening 
of the uterosacral ligaments, abnormal endometrial enhancement with fluid in the 
endometrial cavity, enhancement and thickening of the fallopian tubes, and enlarged, 
reactively altered polycystic ovaries [33].

The sensitivity of CT in appendicitis is from 87% to 98%, higher than US [30].
Magnetic resonance plays a secondary role due to its financial complexity. Its 

advantage is the absence of radiation exposure and excellent specificity and sensitiv-
ity in the diagnosis of acute appendicitis or PID. However, it should be reserved for 
specific population groups (pregnant women, children) [34]. MRI has sensitivity and 
specificity for diagnosis of appendicitis of 95% and 89%, respectively.

3.2.4 Biochemical and hematological markers

Routine laboratory tests for the diagnosis of AA in women of childbearing age 
include:

• Complete blood count, leukocyte count, CRP and NLR. These are nonspecific 
indicators of inflammation with low differential diagnostic specificity between 
AA and PID.

• Physical and chemical examination of urine is indicated for the exclusion of uro-
logical diseases—kidney or bladder stones (hematuria) or inflammatory diseases 
of the urinary tract (pyuria, bacteriuria).

• Biochemical examination of blood with a focus on hepatic tests and serum amylases is 
helpful in differentiating diseases of the hepatobiliary tract and pancreas from AA.

• Examination of human chorionic gonadotropin test (b-hcg) to exclude an unrecog-
nized or ectopic pregnancy [35].

Second-level laboratory tests may be useful in patients with nonspecific abdominal 
symptoms. Among them, cervical smear to diagnose genital infections (such as Neisseria 
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gonorrhea or Chlamydia trachomatis) is certainly important, which would support the 
diagnosis of PID [34]. Rapid tests for the detection of these microorganisms are avail-
able. The findings of 10 or more polymorphonuclear (PMN) leukocytes on a gram-
stained endocervical smear are diagnostic of mucopurulent cervicitis and may also help 
confirm the diagnosis of PID [36].

3.2.5  Algorithm for diagnosis and treatment of women of childbearing age with 
suspected AA

Laparoscopic appendectomy is indicated in women of childbearing age with 
suspected AA with positive clinical examination (new palpable sign), high suspicion 
on US, and negative gynecological examination. If the clinical examination (new 
palpation symptom) is negative, with high US suspicion, diagnostic +/− therapeutic 
laparoscopy is recommended (Figure 5).

4. Conclusion

Despite the intensive technological development of imaging examinations, the 
medical history and clinical examination of the abdomen in AA remains a basic 
diagnostic tool.

We introduced a new palpable sign and described its clinical anatomy consisting 
of two reflex arcs. The visceral reflex arc ensures the diagnosis of the early stage of 
acute appendicitis. It is activated by compression of the inflamed appendix, no perito-
nitis is required. Conversely, the somatic reflex arc is activated when the peritoneum 
is affected by inflammation and indicates the late stage of acute appendicitis.

The examination itself using the new palpation sign is not technically demanding. 
It can be performed even with a restless and distrustful child. In women of childbear-
ing age, the very position of the patient with a new palpation sign makes it possible to 
distinguish between gynecological and non-gynecological diseases.

Figure 5. 
Algorithm for diagnosis and treatment of women of childbearing age with suspected AA (authors archive).
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The new palpation sign serves as a reliable indicator for surgery, minimizes 
unindicated revisions of the abdominal cavity, and is suitable for diagnosing AA in 
atypical forms (i.e., in children and women of childbearing age) with a sensitivity of 
95.57% and a specificity of 95.78% [9].

Due to its material and technical simplicity, it can be used in various parts of the 
world and in emergency situations where diagnostic equipment and technologies are 
limited. It represents a first-line diagnostic tool, but also a suitable part of a scoring 
diagnostic system.

The combination of expertise, experience, and humility of the surgeon turns the 
diagnosis of AA into a surgical art.
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Chapter 4

Influence of Maternal Exercise on 
Maternal and Offspring Metabolic 
Outcomes
Filip Jevtovic and Linda May

Abstract

Epigenetic transmission of metabolic disease to an offspring increases their risk 
for development of metabolic disease later in life. With the increasing rates of obesity 
in women of child-bearing age it is critical to develop strategies to prevent perpetuat-
ing metabolic disease across generations. Maternal exercise during gestation imprints 
offspring metabolic phenotype, thus increasing their imperviousness to metabolic 
assaults later in life. In rodent models, maternal exercise before and during gestation 
leads to enhanced offspring glycemic control, mitochondrial bioenergetics, and lower 
adiposity, which decreases their risk for development of future metabolic disease. 
In humans, maternal gestational exercise decreases pregnancy complications and 
improves maternal and offspring metabolism on both the whole-body and the cellular 
level. Maternal exercise restores the obesity-induced metabolic derangements, restor-
ing maternal and offspring metabolic phenotype. While unknown, different exercise 
modalities might have a differential effect, however, evidence remains scarce.

Keywords: pregnancy, prenatal, exercise, fetal, metabolism

1. Introduction

Rates of pediatric obesity are escalating worldwide. Increasing rates of childhood 
obesity are likely to translate into a high cumulative incidence of metabolic disease 
(i.e., type 2 diabetes mellitus (T2D)) and further exacerbate the strain on the health-
care system, public health, and global economy [1]. The development of obesity is 
often attributed to a combination of genetic and acquired environmental factors. It 
is well established that the epigenetic transmission of metabolic diseases to offspring 
will increase their risk for the development of metabolic disorders later in life [2]. 
Accordingly, environmental exposures (i.e., overnutrition) experienced by parents 
during intrauterine and early postnatal life will have profound effects on offspring 
health. Because of the increasing rates of obesity among individuals of child-bearing 
age, it is critical to develop strategies to prevent the transgenerational propagation of 
metabolic disease.

It is widely understood that physical activity induces an array of positive meta-
bolic changes that can delay and/or reverse the deleterious effects of obesity. While 
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the mechanisms of action behind the benefits of regular physical exercise are well-
documented, research has mostly focused on the person performing the exercise. 
Consequently, there is limited understanding in the mechanisms by which regular 
maternal exercise influences the metabolic phenotype of offspring. Further, while 
studies regarding the effects of maternal exercise on pregnancy, maternal, and 
offspring outcomes are available and reviewed [3–8], data which characterizes the 
mediating factors affecting offspring developmental programming is limited [9]. This 
is partly due to limitations in revealing the cellular and molecular mechanisms behind 
maternal exercise-derived benefits that stem from the inability to obtain neonate 
tissue samples (i.e., skeletal muscle (SkM)).

An understanding of the explicit alterations that maternal exercise causes in the 
offspring phenotype would allow for the characterization of novel targets and could 
be used to render different therapeutics for metabolic diseases. Further, elucidating 
the specific biological mechanisms induced by different exercise modalities could 
permit this lifestyle intervention to serve analogous to a targeted therapy. Thus, there 
is potential for different exercise modalities to be used in a prescription-like manner 
to generate a unique set of metabolic adaptations suitable for treating and/or reducing 
offspring predispositions to metabolic disease. In view of this possibility, the focus of 
this chapter will be on describing the mechanisms behind the effects of the maternal 
exercise on offspring metabolic programing. Emphasis will be on the analysis of the 
biological mechanisms behind specific metabolic adaptations that promote imper-
viousness to metabolic challenges (i.e., overnutrition) leading to obesity and T2D. 
Further, considering that mitochondrial dysfunction and insulin resistance (IR) are 
major constituents of these metabolic diseases, a focus will be on the alterations in 
offspring mitochondrial bioenergetics and glycemic control.

2. Learning from rodent models

2.1 Maternal obesity and offspring health

The use of rodent models has allowed researchers to study how various 
 environmental factors during critical windows of prenatal and early postnatal 
development alter metabolic phenotype and elicit tissue specific adaptations in 
progeny. Considering the ever-increasing rates of obesity, dietary habits, particularly 
overnutrition, during gestation have a critical role in fetal development and are often 
the focus of investigations. Maternal obesity and often concomitant IR increase the 
propensity of the development and transmission of metabolic disease onto progeny. 
A maternal obesogenic diet during fetal life readily programs first and second genera-
tion offspring into a T2D-like phenotype, even without additional dietary insults (i.e., 
overnutrition) administered to these generations [10].

Maternal obesity elicits multifaceted effects on offspring behavioral habits and 
physiology. Offspring from obese mothers have a tendency to be physically inac-
tive and hyperphagic [11, 12]. Further, offspring adopt a metabolic syndrome-like 
phenotype with impaired glucose tolerance, higher blood triglycerides, cholesterol, 
and leptin, but lower adiponectin levels, which increases offspring predisposi-
tion for the development of cardiometabolic disease later in life [11, 12]. Maternal 
obesogenic diet consumption during gestation increases offspring adiposity pri-
marily through adipocyte hypertrophy [12–14]. Adipocyte hypertrophy, rather than 
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hyperplasia, is associated with lower insulin responsiveness, inflammation, and 
an overall dysregulation of systemic energy metabolism [15]. Increased adiposity 
is further accompanied by a greater intramuscular fat accretion associated with 
higher PPARγ mRNA expression which could contribute to the development of 
lipotoxicity-induced SkM IR observed in these offspring [13]. Offspring from obese 
mothers have a restricted SkM growth potential which subsequently decreases their 
SkM cross-sectional area [13]. These alterations combined with lower GLUT4 and 
insulin receptor mRNA expression, as observed in SkM of offspring from obese 
mothers, attenuates their potential for insulin-stimulated glucose uptake and 
increase the propensity of offspring to develop hyperglycemia [13]. Considering 
that SkM is responsible for the majority of postprandial glucose uptake, these 
alterations have a profound effect on glucose homeostasis and could increase 
the risk for the development of T2D. Finally, maternal overnutrition leads to the 
downregulation of pathways associated with mitochondrial oxidation and lowers 
mitochondrial electron transport protein expression, leading to mitochondrial 
dysfunction [14].

Together, these alterations can lead to derangements in energy metabolism later 
in offspring life and increase their proclivity for metabolic disease. In view of this, it 
is essential to explore the effects of different lifestyle interventions that can alleviate 
the detrimental effects of maternal obesity on offspring metabolic dysregulation. 
Regular exercise is known to be protective against metabolic derangements observed 
in obesity and T2D in mother and offspring. Accordingly, illumination of the effects 
of maternal exercise on offspring body composition, glycemic control, and mitochon-
drial functioning will underline mechanistic alterations behind enhanced metabolic 
phenotype.

2.2 Maternal exercise enhances offspring metabolic phenotype

2.2.1 Body composition

While most studies support the notion that exercise before and during gestation 
has an effect on offspring body weight (BW), findings are inconsistent [9]. Reports 
remain divided between maternal exercise causing a decrease [16–20], increase [21, 22],  
or having no effect on litter [23–25] or pup BW [26–30]. Additionally, these studies 
remain divided between maternal exercise leading to less weight gain with aging in 
offspring or having no effect on age-related weight gain. For example, Quiclet and 
associates found no effect of maternal exercise on male offspring BW at weaning 
or at 7 months of age; however, in their subsequent study, a decrease in BW was 
observed at weaning and 3 months of age, despite using the same animal and exer-
cise model [17, 28]. Similarly, despite the use of the same animal species and exer-
cising method across studies, change in BW is inconsistent in male offspring from 
exercising mothers at ~12 months of age [29, 30]. In addition to BW, discrepancies 
regarding the effect of maternal exercise on body composition have been observed 
across studies and offspring gender [16–18, 21, 23–25, 27–29, 31]. Carter et al. [26] 
reported an increase in lean mass and subsequent decrease in fat mass in males 
~12 months of age; however, this was not observed in female offspring. Conversely, 
lower body fat percentages in female offspring have been shown in other studies 
[16, 19, 31]. Nonetheless, it is worth noting that body composition changes seem to 
be more prominent in male offspring. This is potentially because of a tendency for 
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greater weight gain with aging; however, the exact reason for the sex-specific differ-
ences remains unknown [9].

With consideration of these inconsistencies, it is difficult to determine if offspring 
BW is a causal factor or is determined by alterations in the metabolic phenotype of 
the offspring. Interestingly, it has been observed that the alterations in BW, lean and 
fat mass are secondary to other metabolic improvements and often develop later in 
offspring life. For instance, improvements in glucose metabolism have been observed 
in multiple studies regardless of inconsistencies in BW and body composition changes 
between studies [16, 26, 29, 31]. This suggests that metabolic reprograming is, at 
least in part, independent of body composition changes and is more likely causal of 
these alterations with aging or subsequent metabolic challenges (i.e., overnutrition). 
Accordingly, significantly smaller BW and fat mass gains were observed in sedentary 
pups from exercised mothers who were fed a high-fat-high-sugar diet (HFHS) com-
pared to HFHS-diet fed pups from non-exercising mothers [17, 20]. This suggests that 
subsequent nutritional manipulations in offspring may be needed to elicit changes in 
BW and body composition and to better understand the relationship between changes 
in BW and metabolic reprogramming.

2.2.2 Glucose tolerance

Since SkM and liver metabolic alterations have a profound impact on the 
development of systemic metabolic disease, it is important to address how maternal 
exercise alters metabolism of these tissues. Exercise prior to and during pregnancy 
increases glucose tolerance and insulin sensitivity across offspring lifespan indepen-
dent of changes in BW [16, 17, 19, 26, 27, 30, 31] and persist in second generation 
progeny [32]. Interestingly, in offspring from metabolically healthy exercising moth-
ers, improvements in glucose tolerance are mostly observed in adulthood of the ani-
mal rather than early stages of life (i.e., at weaning) [16, 18, 25, 26]. This might be the 
case considering that the effects of maternal exercise are “diluted” in offspring from 
metabolically healthy mothers, and therefore these effects might be more pronounced 
in offspring from mothers with obesity, considering the previously described meta-
bolic derangements that maternal obesity elicits. Accordingly, offspring and maternal 
glucose intolerance stemming from maternal obesity can be rescued by maternal 
pregestational and gestation exercise, and this effect is evident in early offspring life 
[18, 25, 29–31, 33]. These findings suggest that maternal exercise could enhance the 
ability of offspring to resist the future development of IR; however, these improve-
ments may not be readily observed in healthy offspring before adulthood or without a 
subsequent metabolic challenge.

Multiple in vivo and in vitro techniques have been used in studies to confirm that 
enhanced glucose disposal stems from improved offspring peripheral (i.e., SkM) 
insulin sensitivity as a result of maternal exercise. Improved insulin sensitivity in 
offspring from obese mothers seems to be driven by an increase in SkM GLUT4 
expression [16, 18, 23, 26, 27]; however, improved glucose tolerance independent of 
the changes in GLUT4 expression has similarly been observed [29, 31]. This indicates 
that an improvement in glucose transport capacity is not the only mechanism respon-
sible for improved glucose clearance. Offspring from exercising compared to seden-
tary mothers exhibit improved SkM insulin signaling cascade activation with insulin 
stimulation; this is evidenced by higher phosphorylation of Protein Kinase B, also 
known as AKT, a key mediator of insulin-stimulated glucose uptake [17]. In addition 
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to the effects of maternal exercise on SkM, it is important to recognize that these 
adaptations extend to offspring liver, a major organ for regulating glucose disposal 
and production. Maternal exercise improves mature offspring hepatic insulin sensi-
tivity and lowers hepatic glucose production during hyperinsulinemic-euglycemic 
clamp [16]. Similar effects have been observed in an in vitro model where isolated 
hepatocytes of offspring from exercising mothers exhibit enhanced glucose control 
across basal and insulin- and glucagon-stimulated states [31]. Greater glucagon-
mediated hepatocyte glucose production and insulin-mediated inhibition of glucose 
production suggest that maternal exercise improves liver glucose metabolism across 
different physiologic states (fasted vs. fed) [31]. Interestingly, it is worth noting that 
this effect is observed in offspring from exercising mothers independent of maternal 
metabolic status (healthy or obese). This suggests that while metabolic enhancements 
may be present, they may not be evident with measurements at the whole-organism 
level considering the multifaceted input of several organs [31]. In rodent models, it is 
clear, that maternal exercise negates the effects of maternal obesity through enhance-
ments in offspring glucose metabolism, which lowers the potential for glycemic 
dysregulation in subsequent generations.

2.2.3 Mitochondrial remodeling

Maternal exercise lowers SkM and liver triglyceride content in offspring from both 
healthy and obese mothers [24, 29, 31]. Lower SkM and liver triglyceride content will 
decrease the chance of lipid accumulation-induced impairments with insulin signal-
ing and are suggestive of an enhanced oxidative capacity. Maternal exercise increases 
offspring SkM mitochondrial density, length, and mitochondrial DNA content [19, 34].  
These mitochondrial alterations predominantly stem from the effects of maternal exercise 
on PGC-1α, a key mediator of mitochondrial functioning and biogenesis [19, 34]. 
Maternal exercise before and during pregnancy attenuates high-fat diet (HFD) 
induced PGC-1α promoter hypermethylation in offspring SkM, and is able to rescue 
a HFD induced decrease in PGC-1α gene expression [19, 27]. Interestingly, the effect 
of maternal exercise on PGC-1α expression has only been observed in adult offspring 
[27]. This, however, may be an artifact of the rapid proliferation and differentiation 
of SkM cells during early growth compared to mature SkM, when myogenic cells are 
quiescent and transcription of genes is predominantly influenced by gene methyla-
tion [27]. Higher PGC-1α expression in SkM increases expression of its downstream 
targets including cytochrome C, a central component of the electron transport chain, 
which potentiates improvements in the regulation of oxidative phosphorylation 
[27]. Additionally, in SkM of offspring from exercising mothers, greater cytochrome 
C oxidase and citrate synthase activities have been observed [34], suggesting that 
maternal exercise has an effect on mitochondrial oxidative capacity. It is worth noting 
that similar hypermethylation and lower mRNA expression of PGC-1α is seen in SkM 
of individuals with T2D [35]. This points to maternal exercise as a potential therapy 
to ameliorate the transgenerational transmission of mitochondrial dysfunction in 
humans, by increasing the oxidative capacity as well.

In liver, the maternal exercise induced increase in PGC-1α mRNA expression is 
accompanied by higher protein expression of phosphorylated AMP-activated protein 
kinase (AMPK), which is considered to be a master regulator of energy metabolism 
[36]. This AMPK-PGC-1α axis and its increase is paralleled by an increase in PPARα 
mRNA expression and is suggestive of a greater potential for fatty acid oxidation. 
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Specifically, maternal exercise enhances gene expression of Acox1 and Acacb, 
enzymes involved in fatty acid handling and oxidation [36]. Interestingly, while 
improving the capacity for fatty acid oxidation, maternal exercise simultaneously 
decreases the potential for fatty acid storage by lowering PPARγ mRNA expression, 
a gene associated with hepatic steatosis [36, 37]. Further, greater phosphorylated 
AMPK expression in offspring from exercising mothers leads to greater phosphory-
lation of acetyl-CoA carboxylase which lowers the availability of malonyl-CoA, a 
precursor for fatty acid synthesis [36]. It is important to note that these adaptations 
on a cellular level extend to elicit whole-body protection and lead to lower BW gain 
and hepatic steatosis after pups are challenged with an obesogenic diet [36]. Overall, 
maternal exercise driven improvements of offspring mitochondrial bioenergetics 
are often seen as vital for proper metabolic functioning and resilience to metabolic 
challenges in adult life. These adaptations could influence the predisposition for the 
development of metabolic disease by altering mitochondrial substrate “preference” 
and oxidation capacity.

Maternal exercise increases the affinity for pyruvate and palmitoyl-CoA in offspring 
SkM mitochondria suggesting easier access of these substrates for the oxidative phos-
phorylation system (OXPHOS) [17]. Further, maternal exercise has no effect on the Km 
for palmitoyl-carnitine, which suggests that maternal exercise might be acting specifi-
cally on CPT-1, a commonly altered enzyme in obesity-related diseases. Finally, a larger 
decrease in enzyme affinity is seen for palmitoyl-CoA compared to pyruvate suggesting 
that maternal exercise increases offspring SkM preference for fatty acid oxidation and 
potentially explains the previously described decrease in triglyceride content [17, 29]. 
In addition to altering SkM metabolic pathways, offspring from exercising mothers 
exhibit greater levels of liver mRNA expression of genes involved in pyruvate metabo-
lism (Pklr, Pcx), the tricarboxylic acid cycle (Pdha1, Pdk4, CS, Idh3a, Mdh2), and fatty 
acid transport and oxidation (Cd36, Fatp4, Acox, Cpt1) [31]. Together, this data shows 
that maternal exercise induces an array of adaptations that enhance substrate handling 
and subsequently increase resilience against future metabolic disease.

Data regarding maternal exercise and offspring OXPHOS capacity is limited. 
Maternal exercise decreases complex II and III activity and increases complex IV 
activity [22]. Additionally, when ADP-stimulated respiration is measured in SkM 
mitochondria from offspring of exercising mothers, there seems to be no effect on 
complex I and complex I + II respiration; however, data regarding respiration through 
complex II only is inconsistent with maternal exercise resulting in a decrease or 
having no effect on complex II maximal respiration [22, 23]. Interestingly, in isolated 
liver mitochondria from offspring of exercising mothers, lower complex II and higher 
complex IV activity and content is observed, and accompanied by lower maximal 
respiration through complex I, II, and I + II. Interestingly, respiratory control ratio 
(RCR) is lower in offspring mitochondria from both liver and SkM when respiration 
is supported through complex I and complex I + II [22]. As an index of how coupled 
respiration is to ADP phosphorylation, this would suggest a lower capacity for phos-
phorylating respiration to offset electron leak; however, implications about the effect 
of maternal exercise on offspring mitochondrial efficiency cannot be made as RCR, 
when used as a proxy of mitochondrial coupling, does not always match the ATP/O 
ratio, which is a direct measure of mitochondrial coupling [38]. Data regarding 
alterations in offspring energy efficiency come from oxygen consumption rates in free 
living conditions. Accordingly, on the level of the whole organism, maternal exercise 
increases the basal oxygen consumption rate, subsequently protecting offspring 
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from overnutrition-induced obesity by increasing their energy expenditure [20, 30] 
Together, the limited data suggests that maternal exercise results in adaptations in 
mitochondrial respiration, but no conclusive remarks can be made considering the 
inconsistencies between and limited number of studies.

2.2.4 Mitochondrial redox balance

While mitochondria are often described predominantly in the light of energy 
metabolism, it is important to recognize their function in maintaining redox 
homeostasis. Mitochondria are mediators of redox balance, and this is influenced by 
alterations to pro- and antioxidant systems. Disruption of the redox balance due to 
alterations in mitochondrial bioenergetics or the redox buffering capacity are consid-
ered to be an integral part in the etiology of metabolic disease (i.e., IR) [39]. Maternal 
exercise lowers hydrogen peroxide production with complex II only and complex 
I + II supporting substrates in both SkM and liver mitochondria [22]; however, the 
effects seen in SkM are inconsistent across studies indicating maternal exercise may 
not affect hydrogen peroxide emission [23]. Interestingly, SkM and liver mitochondria 
from offspring of exercising mothers are protected from reverse electron transport 
linked hydrogen peroxide emission [22]. Hydrogen peroxide emission via reverse 
electron flow is often associated with overnutrition and suggests that maternal 
exercise has a protective effect on offspring redox balance during future metabolic 
challenges such as overnutrition [39]. In addition to lower hydrogen peroxide emis-
sion and subsequently lower reactive oxygen species (ROS) production, maternal 
exercise enhances glutathione activity in blood and liver [22]. Further, offspring from 
exercising mothers have lower blood thiol content suggestive of a higher antioxidant 
capacity. These adaptations are paralleled with higher offspring liver alpha-tocopherol 
which increases free radical scavenging ability and decreases lipid peroxidation 
[40–42]. Maternal exercise further induces a mitochondrial fatty acid profile shift 
by increasing short-chain and decreasing long-chain fatty acid content [22]. These 
changes can be beneficial considering that short-chain fatty acids are more resistant to 
free radical attack and peroxidation and have a positive influence on redox signaling 
[43, 44]. Finally, maternal exercises increases offspring LON protease (an oxidative 
stress induced mitochondrial degradation catalyst) and TFAM induced autophagy; 
these changes are suggestive of a greater mitochondrial turnover rate and overall 
lower susceptibility to oxidative stress induced mitochondrial dysfunction [24, 34]. 
Together, these findings suggest that maternal exercise increases antioxidant capacity, 
decreases ROS production, and lowers the potential accumulation of less functional 
mitochondria in offspring.

Together, maternal exercise will protect offspring from maternal obesity induced 
metabolic derangements and has the capacity to increase offspring resilience against 
future metabolic challenges. Further, offspring metabolic adaptations (Figure 1) as a 
result of maternal exercise seem to be independent of body composition alterations. 
These adaptations include improvements in offspring glucose and fatty acid metabo-
lism across two major metabolically active tissues, the liver and SkM. In part, these 
adaptations are linked to mitochondrial structure remodeling, enhanced bioenergetic 
function, and greater redox capacity. Finally, it is imperative to keep in mind that 
cellular metabolic programing precedes improvements detected at the whole-body 
level making in vitro assessments indispensable for the understanding of maternal 
exercise-induced fetal programing.
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3.  Human studies of maternal obesity and exercise effects on offspring 
metabolism

3.1 Effects of maternal obesity on offspring metabolism

While rodent models provide an insight into the effects of maternal exercise on 
progeny, a major obstacle is analogizing human and animal research considering the 
vast physiological difference between species. In humans, maternal obesity rates are 
rising and are in parallel with those of the general population [45, 46]. Pre-pregnancy 
obesity is likely to translate into excessive gestational weight gain, pre-eclampsia, ges-
tational diabetes, and a greater propensity towards postpartum weight retention [47]. 
Moreover, maternal obesity increases the risk for congenital anomalies, fetal death, 
stillbirth, and neonatal, perinatal, and infant death [48, 49]. Increased maternal pre-
pregnancy body mass index corelates with increased risk of offspring obesity [50]. 
Specifically, maternal obesity increases the odds of offspring obesity by 264%, while 
maternal overweight increases odds by 89% [50]. Neonates born to obese mothers are 
often large for gestational age with increased adiposity being a major determinant of 
fetal overgrowth [47]. Besides increasing adiposity, neonates of obese mothers have 
a higher propensity towards IR independent of maternal glycemia [51, 52]. Finally, 
maternal obesity is associated with an adverse lipid profile in offspring and an inclina-
tion towards the development of metabolic syndrome [53–55]. While this relationship 
between maternal and offspring metabolism is readily accepted, limitations in the 
understanding of epigenetic mechanisms governing infant metabolic reprograming 
remain. Moreover, the biological mechanisms behind metabolic adaptations that 
govern offspring metabolic phenotypes remain to be elucidated.

The use of umbilical cord derived mesenchymal stem cells (MSCs) has been 
recognized as a model for the investigation of metabolic programming of the human 
offspring donor. This model capitalizes on the multilineage potential of MSCs and 
their ability to differentiate into various lineages of mesenchymal tissue (muscle, 

Figure 1. 
Maternal exercise enhances offspring metabolism across two major metabolically active tissues, the liver and 
SkM. Offspring from exercising mothers have lower body weight (BW) and body fat (BF%) gain with age and 
exhibit enhanced whole body glucose tolerance. Additionally, maternal exercise leads to greater insulin sensitivity, 
mitochondrial remodeling, and improved bioenergetic function and substrate metabolism in peripheral tissue. 
Abbreviations: BW, body weight; BF%, body fat percentage; and OXPHOS, oxidative phosphorylation.
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fat, etc.) [56–61]. The phenotype of MSCs reflects that of the donor rendering it as 
an advantageous in vitro model to study offspring phenotypes on a molecular level 
[62–66]. MSCs from offspring of obese mothers exhibit a greater potential for adipo-
genesis associated with greater PPAR-γ, FABP4, and lipid content in adipogenically 
differentiated cells [65]. Further, evidence of lower β-catenin protein content paired 
with a lower inhibitory phosphorylation of GSK-3β in undifferentiated MSCs suggests 
a greater shift in cell commitment towards an adipocyte rather than myocyte lineage 
and will subsequently increase the propensity of the fetus towards greater adiposity 
[65]. Accordingly, greater MSC adipogenesis potential is positively correlated with 
infant body fat mass [65]. In line with greater potential for fetal adiposity, MSCs from 
offspring of obese mothers exhibit greater lipid accumulation and lower capacity for 
fatty acid oxidation when undergoing myogenesis, which will potentiate ectopic lipid 
accretion [64]. It is worth noting that fatty acid oxidation in MSCs from offspring of 
obese mothers is “less efficient” with more substrate flux towards incomplete rather 
than complete oxidation [64, 66]. Additionally, maternal obesity induces a MSC 
phenotype with lower metabolic flexibility and a decreased ability to meet metabolic 
demands, demonstrating primary deficits in fatty acid oxidation [66]. These factors 
have previously been observed in SkM of humans with non-gravid obesity and have 
been associated with the development of IR [67–69]. This suggests that maternal obe-
sity may alter offspring metabolism with a predisposition towards metabolic disease 
(i.e., obesity). Accordingly, beta-oxidation decrements in myogenically differentiated 
MSCs from offspring of obese mothers are correlated with infant adiposity suggest-
ing that fetal adiposity is in part predetermined by alterations in the fetal metabolic 
phenotype [63]. These inherent differences in MSC lipid metabolism seemingly stem 
from differential mitochondrial expression and methylation of genes involved in 
mitochondrial fatty acid metabolism and respiration (i.e., OXPHOS) and are corre-
lated with neonatal adiposity [62, 63]. Particularly, alterations in lipid metabolism are 
associated with lower AMPK content and activation and hypermethylation of genes 
involved in fatty acid oxidation (i.e., ACC2, CPT1A) [64]. Overall, this data suggests 
that maternal obesity reprograms the offspring metabolic phenotype by increasing 
propensity towards adiposity, which, in part, occurs through the lowering of oxida-
tive capacity. Moreover, considering that similar alterations are seen with non-gravid 
obesity, it is reasonable to postulate that this phenotype will predispose offspring 
to metabolic perturbations later in life. Accordingly, it is necessary to further our 
understanding of lifestyle interventions that could counteract the intergenerational 
transmission of metabolic disease. Specifically, non-pharmacological interventions, 
such as exercise could have a tremendous impact on fetal metabolic programing with 
overall metabolic disease lowering properties highlighting the need for more research 
studies. While alterations of the MSC phenotype as a consequence of maternal obesity 
have been shown, the effects of maternal exercise on offspring metabolic reprogram-
ing remain understudied in humans, especially on a molecular level.

3.2 Effects of gestational exercise on offspring metabolism

Prenatal maternal exercise elicits an array of positive benefits for both mother and 
offspring. Maternal aerobic exercise lowers the risk for the development of gestational 
diabetes mellitus and lowers gestational weight gain in both healthy and mothers with 
gestational diabetes [5, 7, 8, 70]. Further, there is an inverse relationship between 
gestational weight gain and exercise duration and volume with benefits increasing 
as exercise volume approaches American College of Obstetricians and Gynecologists 
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(ACOG) recommendations of 500 MET-minute weekly [7, 8, 71]. Maternal exercise 
alone reduces the risk of macrosomia and offspring being large for gestational age 
without increasing risk of pre-term birth or low birth weight [8, 72, 73]. Further, 
maternal exercise may have a greater influence on birth weight reduction in maternal 
obesity, however, evidence remains weak [72, 73]. Similarly, the association of mater-
nal exercise and birth weight remains weeak across multiple meta-analysis including 
women of all body mass index categories and seems to be driven predominantly by 
exercise volume [8, 72, 73]. Accordingly, the exercise-induced reduction of offspring 
birth weight is predominantly observed with exercise volumes over 810 MET-min, 
which is much greater than the 500 MET-min per week recommendation by ACOG 
[72]. Finally, birth weight reductions observed with maternal exercise are often not 
clinically significant (i.e., >300 g) making it hard to conclude if prenatal exercise has 
a significant effect on fetal birth weight [74, 75]. Additionally, while body weight can 
be influenced by fat and lean mass, maternal exercise does not seem to effect child 
morphometrics based on two recent meta-analyses [73, 76]. Nonetheless, while altera-
tions in birth weight are not significant, there is evidence to support the beneficial 
effects of a prenatal healthy lifestyle (i.e., normal BMI, regular exercise, etc.) on the 
risk of offspring childhood (child age of 9–14) obesity [77]. Overall, while prenatal 
exercise influences maternal gestational weight gain, the effects of maternal exercise 
on offspring birth weight and body composition seem to be minimal. Accordingly, 
and in line with rodent studies, exercise induced body composition alterations might 
be secondary to other metabolic improvements and may decrease the risk of obesity 
development with aging.

The positive effects of exercise extend to maternal metabolic health through 
improvements in lipid and glucose metabolism. Data suggests that maternal exercise 
improves maternal metabolism during pregnancy and subsequently alters preg-
nancy outcomes and the metabolic phenotype of offspring. Physical activity during 
pregnancy reduces the rise of low density lipoprotein and triglyceride, and lowers 
delivery and neonatal complications [78–82]. Maternal blood lipids are associated 
with infant adiposity and alterations in MSC metabolism in offspring from mothers 
with obesity [63, 64, 78] suggesting a potential in-utero influence of maternal lipids 
on fetal metabolic programing. Recently shown, maternal aerobic exercise during 
gestation may alter the MSC phenotype, however, improvements in lipid oxidation, 
oxidation efficiency or uptake, and accumulation were not significant [83]. While 
the lack of effect is surprising based on previously described effects in rodent models 
and MSCs from offspring of mothers with obesity, it must be noted that exercising 
mothers were seemingly healthy and thus potentially “diluting” the effect of mater-
nal exercise on offspring metabolic reprograming. Accordingly, the positive effects 
of maternal exercise on offspring MSC lipid metabolism may be pronounced in situ-
ations where an adverse intrauterine environment is instilled by maternal metabolic 
disease (i.e., obesity) [63–65, 83]; however, there are currently no studies exploring 
these effects.

Aerobic exercise during pregnancy significantly improves maternal glucose 
metabolism with a greater effect in women with overweight, obesity, and gesta-
tional diabetes [84, 85]. In particular, maternal aerobic exercise lowers insulin 
levels late in pregnancy and reduces the increase in blood insulin levels from 15- to 
36-weeks of gestation [86]. Maternal dysglycemia, with or without gestational 
or type 2 diabetes, has been associated with adverse pregnancy outcomes (i.e., 
preeclampsia), offspring outcomes (i.e., excessive fetal growth, congenital abnor-
malities), and an overall increase in postpartum risk of development of T2D in both 
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mother and offspring [87–89]. Evidence for maternal dysglycemia altering offspring 
metabolism can be further observed at the level of MSCs where metabolic derange-
ments coincide with derangements in maternal glycemic control (i.e., HOMA-IR) 
[64]. Further, maternal aerobic exercise increases insulin-mediated glycogen 
synthesis rates in undifferentiated MSCs suggestive of greater insulin sensitivity 
[83]. This effect was paralleled with greater insulin-mediated phosphorylation 
of signaling marker GSK-3β in undifferentiated MSCs. Together, these promising 
effects could counter the previously described transmission of IR in the case of 
maternal glucose dysglycemia (i.e., during obesity). In addition to glycogen syn-
thesis, enhanced glucose oxidation efficiency and partitioning of glucose towards 
oxidation is observed in both undifferentiated and myogenically differentiated 
MSCs from offspring of aerobically trained mothers. Interestingly, a trend towards 
a greater capacity for glucose oxidation was observed in myogenically differentiated 
but not undifferentiated MSCs [83]. It is worth noting that there is greater expres-
sion of complex I in myogenically differentiated MSCs, which could in part influ-
ence the greater glucose oxidation rates considering that glucose oxidation increases 
the input of electrons to complex I of mitochondria [83]; however, this effect needs 
to be further elucidated. As previously described, obesity driven metabolic derange-
ments lead to less efficient mitochondria with a lower oxidative capacity; thus, it is 
possible that a greater capacity to oxidize glucose may attenuate the transmission of 
decrements in glucose metabolism across generations. The partitioning of glucose 
towards oxidation, rather than glycolytic intermediates (i.e., lactate), would lower 
the propensity towards metabolic disease considering that a lower oxidation capac-
ity and greater lactate production have been linked with T2D [90–92]. While this 
data is associative in nature, the importance of exercise in improving the metabo-
lism of both mother and offspring is clear (Figure 2).

Figure 2. 
Maternal obesity increases pregnancy complications and introduces an array of metabolic derangements in 
mother and offspring health. Maternal gestational exercise improves many aspects of obesity-induced metabolic 
alterations and enhances maternal and offspring metabolism. Abbreviations: GWG, gestational weight gain; 
GDM, gestational diabetes mellitus; MSCs, mesenchymal stem cells; FA, fatty acid; AMPK, AMP-activated 
protein kinase; and IR, insulin resistance.



Maternal and Child Health

60

4.  Transfer of maternal exercise induced effects on offspring and exercise 
modalities

The effects of exercise, both acute and chronic, are partly mediated through the 
production and secretion of bioactive molecules termed cytokines. With exercise, an 
array of these metabolic factors are released by SkM influencing muscle metabolism 
as well as crosstalk between SkM and other organs. While extensive reviews have 
been published on this topic [93, 94], it is worth mentioning that these factors could 
mediate fetal programing as well. However, this is contingent on their placental 
blood barrier permeability. Many cytokines (i.e., IL-15, BAIBA, BDNF, Irisin, etc.) 
have an influence on energy metabolism and an overall positive effect on metabolic 
disease [93, 94]; however, the involvement of these cytokines in regulating offspring 
metabolic phenotypes is not yet understood. Recently, the effects of cytokine apelin 
have been shown to drive maternal exercise-induced metabolic reprogramming in 
offspring [19, 95]. Maternal exercise elevates apelin signaling which facilitates fetal 
muscle development and subsequently increases PGC-1α promoter demethylation, 
mitochondrial biogenesis and remodeling, and mitochondrial capacity [95]. This 
data suggests that maternal exercise-induced cytokine release could have a direct 
effect on fetal development by inducing specific adaptations that will later shape 
offspring metabolism. Accordingly, it is reasonable to postulate that different modes 
of exercise, based on their differences in cytokine expression profiles and differential 
metabolic demands [96–98], could have differing effects on offspring metabolic 
reprograming.

Exercise modes separate into aerobic and muscular strength training where activ-
ity is performed against a low resistance for a longer time or against high resistance 
for a short duration, respectively. These exercise modalities differ in the adaptations 
they elicit and are driven by the different energetic demands experienced during 
activity. During an acute bout of exercise, substrate oxidation is predominantly 
driven by the intensity and duration of exercise. There is a shift from predominantly 
fatty acid oxidation during prolonged low-moderate intensity exercise towards an 
almost exclusive reliance on glycolytic substrates during high-intensity exercise 
bouts. Aerobic training is often associated with improvements in cardiorespiratory 
fitness via an increase in maximal oxygen consumption and mitochondrial biogen-
esis. Specifically, aerobic exercise increases SkM mitochondrial protein synthesis, 
density, and oxidative function, which subsequently improves endurance capacity 
[99]. With this, it is not surprising that aerobic exercise results in a greater abundance 
of proteins involved in mitochondrial ATP production, TCA cycle, transport, and 
oxidation of fatty acids which are predominantly regulated through PGC-1α expres-
sion [99]. In contrast, while the effects of resistance exercise on these parameters 
are minimal, resistance training increases muscle size, strength, myofibrillar protein 
synthesis, and anaerobic capacity significantly more than aerobic exercise [99]. Both 
modalities improve glucose handling and are beneficial for improving glucose control 
predominantly through enhancing insulin sensitivity (i.e., greater GLUT4 expres-
sion) [99–101]. Additionally, aerobic training improves cardiovascular profiles and 
decreases adiposity, while resistance training seemingly has a very limited effect on 
either of these parameters [99]. Overall, while both modalities reduce the risk and 
lower the derangements of metabolic disease (i.e., obesity), the effects by which 
aerobic and resistance training influence metabolism vary to a great extent. With this 
in mind, it is reasonable to postulate that depending on the maternal exercise mode, 
effects on offspring metabolic reprograming will differ; however, research directly 
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comparing the effects of maternal exercise modes on offspring metabolic health 
outcomes remains scarce especially with maternal muscular strength training.

While muscular strength training during pregnancy is safe and recommended, 
most research assessing the effects of prenatal exercise on offspring metabolic health 
utilizes aerobic only or a combination of aerobic and strength training. While these 
two exercise modes are beneficial for both maternal and offspring health, a delineation 
of their independent effects on offspring metabolic health is currently not possible 
[70]. Further, a comparison of the independent effects of maternal aerobic or strength 
training on offspring metabolism is primarily limited due to the lack of the studies 
utilizing maternal strength training [69]. To date, it is shown that a combination of 
aerobic and strength training during pregnancy increases cardiorespiratory fitness and 
muscle strength more so than aerobic or strength training alone [70]. Further, com-
bined training has the most significant impact on decreasing gestational weight gain; 
however, more studies are needed to confirm these findings [70]. Evidence is similarly 
weak with inconsistent findings on the effects of combined training on improvements 
in birth weight; however, it is important to note that all exercise interventions increase 
the chance of the offspring having a normal birth weight and reduce the risk of mac-
rosomia [70]. In conclusion, gestational exercise is safe and recommended considering 
the resulting array of positive metabolic changes in both mother and offspring.

5. Conclusion

Considering the prevalence and burden of obesity and T2D in today’s society, it is 
crucial to identify new targets and treatment approaches to combat these diseases. As 
discussed, maternal exercise before and/or during pregnancy has a critical influence 
on offspring metabolism and can decrease their risk of development of metabolic 
disease later in life. While the current understanding of the precise mechanisms 
underlying these developmental influences is not fully understood, future work in 
this area holds immense potential to prevent and alleviate instances of obesity and 
improve the life-long health of the child.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
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Chapter 5

Mechanical Environment in the
Human Umbilical Cord and Its
Contribution to the Fetal
Circulation
Yoko Kato

Abstract

The fetal blood flow in two arteries and one vein of the human umbilical cord
could be influenced by the conditions of the fetal growth and placenta that the
evaluation of the blood flow pattern by ultrasound Doppler velocimetry is important.
That is, the mechanical environment in the umbilical cord should be kept to maintain
the blood flow suitable for good fetus growth. In this chapter, a human umbilical cord
model for finite analysis, based on the mechanical and histological characteristics is
proposed. Considering that the active force production by hyaluronan, proteoglycan,
smooth muscle cells, and myofibroblasts could influence the mechanical environment
in the umbilical cord, the computation with the proposed model was carried out in
order to evaluate the influence. The changes in the mechanical environment caused by
the active force production and their influences on the fetal blood flow through the
pressure rise and drop in the arteries of the umbilical cord are introduced.

Keywords: human umbilical cord, artery, vein, Wharton’s jelly, hyaluronan,
proteoglycan, smooth muscle cell, myofibroblast, active force production

1. Introduction

The human umbilical cord, connecting the fetus and placenta, conveys fetus blood
through two arteries and one vein [1]. While the umbilical cord itself spirals, the
artery is accompanying the vein with spirals. The blood flow in the umbilical artery
and vein, which ultrasound Doppler velocimetry is generally used to measure, shows
different characteristics in pulsation: the artery has pulsation, but the vein, except the
regions around the ductus venosus and portal vein, does not [2–6]. The difference in
pulsation between the artery and vein has been also indicated by pressure [7]. The
blood flow pattern could be influenced by the condition of fetal and placenta so that
analyses of the flow pattern would be helpful for diagnosis. For example, the pulsation
pattern of the blood flow in the artery and vein around the ductus venous and portal
vein have been analyzed in pathological aspects [2–6]. In the meantime, the sizes of
the umbilical cord, artery, and vein have been reported with some variation [8–14].
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Considering the size of the umbilical cord at 40 weeks of gestational age, the diame-
ters of cord, artery, and vein in Ref. [8], whose number of cases was larger than those
in [9–14], was 17.8 mm, 4.6 mm, and 9.1 mm at average, respectively, while the length
of the cord was more than 50 cm [1]. That is, the blood should travel a long way more
than 50 times of the diameter. The distension of the artery and vein of the umbilical
cord [15] would contribute to keeping the proper blood flow patterns in the artery and
vein, necessary for fetal growth. In numerical analyses, the influence of the umbilical
cord’s coiling [16] and pressure drop [17] on the blood flow in the artery and vein, and
that of arterial pressure pulse on the flow in the vein [18] have been reported. The
mechanical environment in the umbilical cord would be arranged as keeping the
shapes of the blood vessels, but the investigation has been barely carried out.

The human umbilical artery and vein show the characteristics different from major
blood vessels in the body, including large and active endothelial layers [1, 19]. More-
over, the artery has shown two distinctive smooth muscle layers: inner layer, loosely
arranged cells with abundant ground substance; outer layer, circularly arranged cells
[20]. While myosin and vimentin have been found in both two layers, only the outer
layer has indicated desmin [21]. These two blood vessels are covered with Wharton’s
jelly, whose college fiber has shown the network with canalicular-like structure, and
cavernous and perivascular spaces (stromal cleft), which would be helpful for diffu-
sion [22, 23]. Considering the control of the mechanical environment in the umbilical
cord, it has been pointed out the contribution of hyaluronan and proteoglycan to
pressure control [24], and myofibroblasts, which show active contraction [25, 26].

The mechanical properties of the human umbilical cord and blood vessels have
been reported [27–29]. Considering the limitation of the range of the blood pressure in
the arteries and vein [7], and nonlinearity in the stress-strain relationship [27–29], the
elasticity in the limited range would be proper to estimate the mechanical environ-
ment in the umbilical cord. Given that the stress distribution at blood vessel walls
would be homogeneous at physiological pressures [30], the assumption that the stress
distributions at the umbilical artery and vein would be homogeneous at the average
pressure could be made.

In this chapter, a computational model of the human umbilical cord is proposed in
order to estimate the mechanical environment. Influence of the change in blood
pressure, active force production in smooth muscle cells, myofibroblasts, hyaluronan,
and proteoglycan on the mechanical environment and its relation to the fetus’s blood
flow is shown.

2. Computational model of the human umbilical cord

The computational model of the human umbilical cord has been developed on the
finite element analysis (FEA) software, COMSOL Multiphysics® ver.6 (COMSOL,
Inc. MA). The length of the umbilical cord is longer than 50 times of its diameter so
that the cross section, whose normal vector was the axial direction of the umbilical
cord, was modeled and analyzed as the representative of the umbilical cord. The
analysis has been carried out two-dimensionally, as a plane strain problem.

2.1 Spatial arrangement and constraint

The spatial arrangement and size of each component are shown in Figure 1 and
Table 1, respectively. The blood vessel is composed of three layers: Tunica Intima,
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Tunica Media, and Tunica Adventitia. The intima is composed of a single layer of
endothelial cells, and the adventitia shows a sparse distribution of smooth muscle cells
without a clear boundary [19] so that the distinctive two layers of smooth muscle, an
inner layer with loosely arranged smooth muscle cells and abundant ground sub-
stance, and an outer layer with circularly arranged smooth muscle cells [20], was
categorized into Tunica Media in this study. The diameter of the umbilical cord, and
the inner diameters of the artery and vein were the average values in vivo at 40 weeks
of gestational age in [8], whose number of cases was larger than other reports [9–14].

Figure 1.
Components and spatial arrangement in the computational model of the human umbilical cord. A, the entire
image of the model; B and C, the vicinities of the vein and artery, respectively.

Parameter Category Value
[mm]

References and comment

Diameter Cord (outer) 17.8 Barbieri C et al. [8]

Artery (inner) 4.6 Barbieri C et al. [8]

Vein (inner) 9.1 Barbieri C et al. [8]

Boundary 24.0 —

Thickness Amniotic epithelium 0.5 —

Subamniotic zone 0.5 —

Artery 0.3 Tunica Media, 0.2 mm (two layers);
Tunica Adventitia, 0.1 mm.

Vein 0.2 Tunica Media, 0.1 mm; Tunica
Adventitia, 0.1 mm.

Distance Between the centers of the blood vessels 8.84 —

Between the umbilical cord (outer) and
the blood vessels (outer)

0.4 —

Table 1.
Sizes of the human umbilical cord model.
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“Surroundings” and “Boundary” in the model are corresponding to the surroundings
of the umbilical cord and limitations in the displacement of the umbilical cord,
whose size was about 1.3 times of the umbilical cord’s diameter. The thickness
values of the amniotic epithelium, subamniotic zone, and blood vessels have
been hardly measured in vivo so that each thickness was decided as follows: amniotic
epithelium and subamniotic zone, less than 5% of the umbilical cord diameter
(0.5 mm); artery and vein, only the layers of smooth muscle cells were modeled, and
the thickness in each layer was set as 0.1 mm. The center positions of these blood
vessels formed an equilateral triangle, whose sides were equally 8.84 mm. All the
blood vessels were equally apart from the umbilical cord at the same distance: at the
outer diameter, 0.4 mm. Figure 2 shows the finite element model of the umbilical
cord with triangular meshes (the number of elements, 29, 786). The fixation was
set on the region, “boundary.”

2.2 Mechanical properties

The arterial and venous pressure in vivo has been reported as 88 mmHg and
41 mmHg on average, respectively [7]. While the venous pressure has hardly
shown pulsation, the pressure pulsation in the artery, 12 mmHg, has been observed
[7]. The size of each component of the model was based on the measurement in vivo
so that all the shapes would be at the average pressures in the blood vessels. Given
that the stress distribution would be homogeneous at the average pressure [30], the
change in stress distribution, caused by the pressure rise and drop (12 mmHg
(1.6 kPa)), was evaluated. The pressure in the vein was maintained at 0 Pa because
of no pulsation.

Reference [28] has shown the mechanical properties of the umbilical vein and
Wharton’s jelly with two elastic moduli at high and low stress. Because the removal of
the amniotic epithelium has not been mentioned, the results of Wharton’s jelly would
be those of the umbilical cord without the blood vessel. Also, the description of Tunica
adventitia, which is difficult to separate properly from the surrounding tissue in
general, has not been found so that the sample would include Tunica media at least.
The stress (σ) at a thin-walled cylinder caused by the load of internal pressure (P) is
calculated by the following equation:

σ ¼ Pr
t

(1)

Figure 2.
Finite element model of the human umbilical cord with triangular mesh (the number of elements, 29, 786).
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where r and t are the radius and thickness of the cylinder, respectively. When the
radius, thickness (Tunica Media only), and average pressure at the vein were applied
to Eq. (1), the stress was more than 0.1 MPa, which was corresponding to the elastic
modulus at high stress [28]. Considering that the surrounding tissues would be also at
the high stress, the elastic moduli in Tunica Media of the vein and amniotic epithelium
were set as 2.36 MPa and 11.1 MPa, respectively as Table 2, the list of the mechanical
property in each component, shows. While the inner layer of the media in the artery
was half of that in the media in the vein (1.18 MPa), the other layers around the blood
vessels were set as 2.36 MPa. Considering that blood vessel walls would be incom-
pressible in general, Poisson’s ratio was set as 0.4999. Because vimentin, desmin, and
α- and γ- actin have been found in the subamniotic zone as well as the layers of the
blood vessel, the mechanical properties were set as those in the layers. The compo-
nents of Wharton’s jelly, hyaluronan and proteoglycan, contributing to diffusion,
would show its compressibility so that Poisson’s ratio was set as 0.1. Supposing that the
elastic modulus of Wharton’s jelly would be between those of the vein and amniotic
epithelium, the lower one, corresponding to that of the vein, was set as that of
Wharton’s jelly. Plenty of fibers observed in amniotic epithelium [23] would hardly
show incompressibility so Poisson’s ratio was set as 0.3. Given that the umbilical cord
could move freely, the elastic modulus of “Surroundings,” corresponding to the sur-
roundings of the umbilical cord, was set as 0.1% of that in the layer of the blood vessel.
Also, Poisson’s ratio of “Surroundings” was set as 0.4.

The active force productions in the layers of the blood vessels, Wharton’s jelly, and
subamniotic zone, in each model, are shown in Table 3. The magnitude of the force
generated by the layers of the blood vessels were two types: one was twice of the
other. The force direction was set as the opposite to the pressure in the artery. For
evaluating the influence of the layers of the blood vessels and others, the force was
0 Pa (negative) at part of the models: Model A, all the force productions were active;
Model B, all the force productions were active and the magnitude was twice of those
in Model A; Model C, the force productions at the layers of the blood vessels were
active; Model D, the force productions at Wharton’s jelly and subamniotic zone were
active; Model E, no force production.

Component Elastic modulus [MPa] Poisson’s ratio

Artery TM (inner) 1.18 0.4999

TM (outer) 2.36 0.4999

TA 2.36 0.4999

Vein TM 2.36 0.4999

TA 2.36 0.4999

Subamniotic zone — 2.36 0.4999

Wharton’s jelly — 2.36 0.1

Amniotic epithelium — 11.1 0.3

Surroundings — 2.36 � 10�4 0.4

TM,Tunica Media; TA,Tunica Adventitia.

Table 2.
Mechanical properties of the human umbilical cord model.
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2.3 Mechanical environment

The mechanical environment in the human umbilical cord model was evaluated by
von Mises stress (σvm) (equivalent stress), described as below:

σVM ¼ 1ffiffiffi
2

p σ1 � σ2ð Þ2 þ σ2 � σ3ð Þ2 þ σ3 � σ1ð Þ2
n o1=2

(2)

where σ1, σ2, and σ3 are three principal stresses. When σvm is equal to the yield
stress of a material, the elastic deformation is changed to plastic one. σvm was used as a
parameter that estimates how severe the mechanical environment is.

3. Mechanical environment in the human umbilical cord

3.1 Pressure rise and drop in the arteries

Figure 3 shows the distribution of von Mises stress (σvm) in the umbilical cord
model at the pressure rise in the arteries (1.6 kPa). In Models A, and B, where all the
components, the layers of the blood vessels, Wharton’s jelly, and subamniotic zone,
produced active forces, the shapes of the arteries and veins were kept circular. Com-
paring Model B with Model A, the region for higher σvm around the vein became
larger while the region around the arteries reduced. In Models C, D, and E, whose
shapes of the blood vessels seemed not circular, higher σvm in the region around the

Model Active force production (pressure) [Pa]

Blood vessel wall Subamniotic zone Wharton’s jelly

Artery Vein Arterial
side

Venous
side

Arterial
side

Venous
side

TM TA TM & TA

inner outer

Pressure
rise

A �160 �320 �160 160 �1.6 1.6 �0.8 0.8

B �320 �640 �320 320 �3.2 3.2 �1.6 1.6

C �160 �320 �160 160 0 0 0 0

D 0 0 0 0 �1.6 1.6 �0.8 0.8

E 0 0 0 0 0 0 0 0

Pressure
drop

A 160 320 160 �160 1.6 �1.6 0.8 �0.8

B 320 640 320 �320 3.2 �3.2 1.6 �1.6

C 160 320 160 �160 0 0 0 0

D 0 0 0 0 1.6 �1.6 0.8 �0.8

E 0 0 0 0 0 0 0 0

TM,Tunica Media; TA,Tunica Adventitia.

Table 3.
Active force produced in the components. The plus and negative signs are corresponding to the directions of the
pressure, outer and inner directions, respectively.
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arteries became larger. Figure 4 shows the distribution of σvm in detail: σvm along the
lines in the umbilical cord, depicted in Figure 3, is indicated. All the models indicated
that the peak of σvm at the artery and vein sides appeared around the amniotic
epithelium in all the lines except Line b-b’ at the artery side in the models except
Model B. Considering that Line b-b’ was passing through the region close to the artery
and vein, which would be influenced largely by the pressure rise and active force
productions, increase in σvm would be reasonable and could be prevented by an
increase in the magnitude of the active force. In the meantime, the peak at the artery
side of Line b-b’ was much smaller than other peaks so that the regions around the
blood vessels would keep smaller than those around the amniotic epithelium. The
peak of σvm at Models B (vein side), and D and E (artery side) was larger than that in

Figure 3.
von Mises stress distribution at the pressure rise in the arteries (1.6 kPa). The black solid line shows the shape before
pressure rise. Active force production in each model, indicated in Table 3, is as follows: Model A, in all the
components; Model B, in all the components, twice as large as that in A; Model C, in all the layers around the
blood vessels; Model D, in Wharton’s jelly and subamniotic zone; E, in no component.
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Models A and C. The magnitude of the active force production at Model B would be
too large. And the force produced by the layers of the blood vessels would be neces-
sary to modulate the stress distribution in the umbilical cord.

Figure 5 shows the distribution of von Mises stress (σvm) in the umbilical cord
model at the pressure drop in the arteries (1.6 kPa). Models A and B, where the active
forces were produced at all the components, kept the shape of the blood vessels
circular. While Model B had the larger region around the vein for higher σvm than

Figure 4.
von Mises stress distribution in detail at pressure rise in the arteries (1.6 kPa). The 6 lines, parallel to each other at
the space interval of 0.2 mm from the center to the surroundings (the top of the right side.) were set to examine the
stress distribution. The stress along the line in each model is indicated with the circles, corresponding to the peak at
the artery and vein sides.
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Model A, the regions around the arteries for higher σvm in Model B were smaller than
those in Model A. The circular shapes of the blood vessels have been hardly kept in
Models C, D, and E, with the larger regions around the arteries for higher σvm. These
characteristics of the shapes of the blood vessels and distribution pattern of σvm were
similar to those in pressure rise as Figures 3 and 5 show although Models C, D, and E
caused the collapses of the arteries and umbilical cord, which were not observed in
those models at the pressure rise. Figure 6 shows the σvm along the lines, which were
set as the case of pressure rise in Figure 4. The characteristics of all the graphs in
Figure 6 agreed with those in Figure 4 because the pressures rise and drop had the
same magnitude with different directions, and σvm is the function of the difference
between the principal stresses as Eq. (2) shows. Hence, through the change in the
arterial pressure, the stress around the blood vessels would be kept much lower than
that around the amniotic epithelium.

Figure 5.
von Mises stress distribution at the pressure drop in the arteries (1.6 kPa). The black solid line shows the shape
before pressure drop. Active force production in each model, indicated in Table 3, is as follows: Model A, in all the
components; Model B, in all the components, twice as large as that in A; Model C, in all the layers around the
blood vessels; Model D, in Wharton’s jelly and subamniotic zone; E, in no component.
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3.2 Mechanical environment and blood flow in the umbilical cord

The σvm around the blood vessels (< 6 kPa) was kept much lower than that around
the amniotic epithelium (> 12 kPa) when the pressure in the arteries and the active
force production was changed. Considering that the adaptations of the blood vessels

Figure 6.
von Mises stress distribution in detail at pressure drop in the arteries (1.6 kPa). The 6 lines, parallel to each other
at the space interval of 0.2 mm from the center to the surroundings (the top of the right side.) were set to examine
the stress distribution. The stress along the line in each model is indicated with the circles, corresponding to the peak
at the artery and vein sides.
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and the surrounding tissue to change in the mechanical environment could cause
changes in their shapes and structures, the control of the mechanical environment
would be effective to keep the shapes and structures of these components in
the umbilical cord. Also, considering the adaptation and damage in the amniotic
epithelium might be necessary. In the meantime, the shape of the blood vessels would
be hardly kept unless the active forces were produced by all the components. The
shape of the blood vessel would directly influence the blood flow pattern and cause
change in wall shear stress, which could damage the blood vessel function and
structure. Also, the collapse of the umbilical cord at the pressure drop with the active
forces, which were produced partially, could damage its tissue structure. Hence, the
active force productions at all the components would be necessary to maintain the
proper blood flow in the umbilical blood vessels and avoid the damage to the tissue of
the umbilical cord.

4. Conclusion

The human umbilical cord model for finite element analysis, based on the
mechanical and histological characteristics, has been developed. The influence of the
active force productions by hyaluronan, proteoglycan, smooth muscle cells, and
myofibroblasts on the stress distribution in the umbilical cord was evaluated. As a
result, the active forces produced by all the components would be necessary to main-
tain the blood flow properly.
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Chapter 6

Use of CPAP in Premature Babies
Prema Subramaniam

Abstract

Respiratory distress syndrome (RDS) is the most common respiratory disorder 
of preterm infants and is a major course of neonatal mortality and morbidity. The 
combined use of antenatal steroids and early continuous positive airway pressure 
(CPAP) are considered the gold standard for the prevention and treatment of RDS 
in the preterm infant. CPAP used in the spontaneous breathing neonate maintains 
adequate functional residual capacity within the alveoli to prevent atelectasis 
and support gas exchange CPAP is most commonly delivered using bi-nasal short 
prongs or a nasal mask. Pressure is generated using a variety of devices. CPAP 
is generally well tolerated, in part because infants are preferential or “obliga-
tory nasal breathers”. CPAP has revolutionised the outcome in premature babies 
by reducing the need for mechanical ventilation and the use of surfactant. 
Prophylactic or early CPAP in the delivery room reduces the need for surfactant 
and mechanical ventilation by nearly 50%. CPAP is an attractive option for 
supporting neonates with respiratory distress, because it preserves spontaneous 
breathing, does not require endotracheal intubation, and may result in less lung 
injury than mechanical ventilation.

Keywords: CPAP, RDS, prematurity, reduction in mortality and morbidity, surfactant

1. Introduction

Globally around 2.4 million newborns died in 2020 of which 75% of neonatal 
deaths occur within the first week of life. In 2017 most neonatal deaths occurred as a 
result of either preterm birth, intrapartum complications such as birth asphyxia or 
failing to breath, infections and/or lethal congenital malformations [1].

Respiratory distress syndrome (RDS) in the newborn is one of the major causes 
of neonatal mortality and morbidity. RDS is due to a lack of surfactant in the lungs 
of the preterm baby and this usually develops in the first 24 h of life. Positive 
pressure ventilation has been found to be an effective form of treatment for this 
condition [2].

In women at risk of preterm birth treatment the use of antenatal corticosteroids 
has been proven to reduce perinatal and neonatal death, RDS and Intraventricular 
haemorrhages (IVH) [3]. The combined use of antenatal steroids and early continu-
ous positive airway pressure (CPAP) are considered the gold standard for the preven-
tion and treatment of RDS in the preterm infant [4, 5].



Maternal and Child Health

86

2. CPAP

2.1 What is nasal CPAP?

Nasal continuous airway pressure (CPAP) is a non-invasive form of respiratory 
support for the spontaneously breathing infant with lung disease. In this situation 
CPAP provides a constant distending pressure during both the inhalation and expira-
tion phases thereby reducing the need for intubation and mechanical ventilation [6].

CPAP imitates the natural physiologic reflex called “grunting,” which is forced 
expiration against a closed glottis that occurs with infants with poor lung compli-
ance and low end-expiratory volume who uses this physiological mechanism to try to 
maintain a higher end expiratory volume [7].

The infants tongue and soft palate forms an anatomic seal thereby maintaining the 
CPAP pressure in the babies lungs [8].

CPAP maintains functional residual capacity (FRC) and supports gas exchange in 
the neonatal lungs thereby reducing the incidence of apnoea, improves the work of 
breathing and reduces lung damage [9].

CPAP was first used to support the breathing of preterm infants in 1971 [10]. 
Gregory used Endotracheal tubes for his CPAP study in 20 infants weighing between 
930 and 3800 g. All these infants had severe RDS and were breathing spontaneously. 
Gregory used pressures up to 12 mmHg via the ETT in 18 of the infants and for the 
other 2 infants he used a pressure chamber placed around the infants head. He noted 
that increasing the PEEP (positive end expiratory pressure) caused a reduction in 
the minute ventilation. However there was not much change in the babies pH, CO2 
tension, blood pressure or lung compliance.

2.2 How does CPAP benefit infants with RDS?

The surfactant deficiency in RDS causes collapse of the terminal airways in the 
babies lungs leading to a reduction in the functional residual capacity. This results in 
an increase in the ventilation-perfusion mismatch and thereby an increase in the work 
of breathing [11].

CPAP reduces upper airway obstruction by the decrease in pulmonary vascular 
resistance and increasing the thoracic gas volume [12–14].

CPAP also decreases left to right shunting by increasing right ventricular output 
while not significantly affecting the left ventricular output and pulmonary vascular 
resistance [15].

CPAP also produces a rise in Pa02 (with no significant change in PCO2) and 
maintains the Positive End Expiratory Pressure (PEEP) thereby reducing atelecta-
sis, increasing the surface area of the alveolus and thereby an improvement in the 
ventilation-perfusion mismatch [16, 17]. The rise in Pa02 and the resulting regulation 
in both rate and dept. of respiration generally results in a cessation of grunting with 
15 min of commencing CPAP. CPAP thereby improves the infants ability to cope with 
increasing respiratory loads through the Hering-Breuer reflex [18].

CPAP in most instances is applied at pressures between 4 and 6 cm H2O how-
ever, in infants with poor lung compliance, CPAP of pressures from 8 to 10 cm H2O 
have been used. The higher pressures might result in overdistension that affects gas 
exchange and damage to the terminal airways may result in pneumothorax. It is 
uncertain what the optimum CPAP levels should be as this varies with the age of the 
infant and the severity of RDS [19].
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2.3 Use of CPAP in neonates

CPAP is commonly used in neonates with the following conditions:

1. RDS

 Prophylactic CPAP i.e. CPAP started immediately after delivery in preterm or 
low birth weight infant or within the first 15 min of life (before the onset of 
respiratory disease) has been shown to reduce the incidence of BPD (broncho-
pulmonary disease), the combined outcome of death or BPD, and the need for 
mechanical ventilation [20, 21].
 In preterm or low birth weight infants with established respiratory distress, 
CPAP reduces the incidence of respiratory failure, the use of mechanical ventila-
tion and mortality however there is an increased rate of pneumothorax com-
pared to spontaneous breathing with supplemental oxygen [3].

2. Post extubation

 NCPAP can also be used as “step-down” therapy to provide respiratory support 
following extubation after mechanical ventilation. These infants have a less 
likelihood of developing respiratory failure and having the need for reintubation 
and mechanical ventilation. The reason for this may be due to the fact that CPAP 
maintains lung volumes, causes airflow stimulation of the nasal passage and 
upper airway and by reducing apnoea in the preterm infant [22, 23].

3. Apnoea

 CPAP decreases both obstructive and a combination of obstructive and central 
apnoea and prevents hypoxia. Central apnoea by itself is not affected by CPAP. 
Miller postulated that CPAP reduces upper airway obstruction by splinting the 
pharyngeal airway [24].

2.4 CPAP apparatus

CPAP has two main components: a device to generate pressure and a patient 
interface used to deliver pressure.

CPAP devices include:
Variable flow devices ie devices that generate CPAP by a jet of blended air deliv-

ered by the Infant Flow Driver. This system requires air flows in excess of 8 L/min in 
order to generate positive end expiratory pressures of 5 cm H2O.

Constant or continuous flow examples of which are bubble CPAP and ventilator 
CPAP.

With bubble CPAP the PEEP is maintained by immersing the distal end of the 
expiratory tubing in water. The pressures are determined by the depth of the tubing in 
the water. For example 5 cm below the surface equals to 5 cm H2O blended humidified 
gas oxygen or air is delivered by nasal prongs or nasal masks and as air flows out of the 
infant via the expiratory tubing it gives its characteristic bubbling [1, 3, 25]. Bubble 
CPAP is inexpensive and is easy to adapt for newborns [3]; however, if the interface 
is not well adapted or if there is leakage through the nose or mouth, the PEEP is not 
guaranteed.
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Studies have shown that there is little difference in terms of respiratory rate, heart 
rate, blood pressure or comfort scores between the use of continuous flow CPAP and 
variable flow CPAP [8, 26–31].

Many neonatal units use CPAP pressures delivered between 5 and 6 cm H2O. Some 
units use starting pressures of 8 cm H2O. Elgellab noted that CPAP pressures of 8 cm 
H2O improved the thoraco-abdominal synchrony, lowered the respiratory rate and 
increased the tidal volume of preterm infants with respiratory failure [18].

For preterm infants with poorly compliant lungs, higher CPAP pressures 32 (e.g. 
8 cm H2O may be needed 3 as the first line of support immediately after birth or at the 
start of the respiratory distress with escalation to intubation and mechanical ventila-
tion if CPAP fails.

2.5 CPAP delivery

The most common interfaces for CPAP delivery include:
Short binasal prongs that fits directly into the nostrils or nasal mask. Other 

interfaces used included single nasal prongs and nasopharyngeal prongs which uses 
a nasopharyngeal tube (NGT) in which the tip of the tube sits in the nasopharynx 
thereby bypassing the nasal cavity [32, 33].

Short binasal prongs when compared to single nasal prongs and nasopharyngeal 
prongs showed that there was a decrease in the babies oxygen requirement and 
respiratory rate thereby reducing the need for reintubation [23, 34, 35]. Endotracheal 
tubes are still used to deliver CPAP when the infants have facial anomalies such as 
bilateral cleft lip and or palate [2].

The problem with binasal prongs however is that it must be fitted snugly which 
can lead to injury to the nares and nasal septum [35, 36].

With the nasal mask, this is placed over the babies nose and mouth forming a 
good seal.

When compared to binasal prongs, nasal masks decreased the incidence of 
moderate-to-severe BPD and the need for surfactant. However there were no differ-
ences in mortality or other morbidities [7, 30].

CPAP failure i.e. babies requiring mechanical ventilation while on CPAP is 
defined when one or more of the following conditions arise: persistent or frequent 
apnoeic episodes, PaCO2 of ≥60 mm Hg (8.3 kPa), FiO2 of ≥0.6 to maintain accept-
able oxygen saturation. 14% to as high as 40% of infants with respiratory distress 
who have initially been started on CPAP may need to be intubated and ventilated. 
CPAP failure was associated with an increased rate of pneumothorax, death, bron-
chopulmonary dysplasia (BPD) and other morbidities compared with those man-
aged on CPAP alone [37–39].

2.6 Contraindications in the use of CPAP in babies

This includes upper airway abnormalities such as choanal atresia, cleft palate and 
trachea oeophageal fistula.

Babies in shock i.e. cardiovascular instability.
Frequent apnoeic episodes with bradycardia and desaturations.
Respiratory failure PCO2 of >60 mmHg FiO2 > 0.6 to maintain an acceptable O2 

saturation.
Congenital diaphragmatic hernia as the gastric distension caused by CPAP can 

result in further compromise of the organs in the chest.
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Complications that can occur with CPAP giving rise to inefficient delivery include [40]

• Kinking of nasopharyngeal tube (in NP CPAP) and/or delivery circuit.

• Obstruction of the binasal nasal prongs with mucus plugging.

• Displacement of the nasal prongs/mask.

• Skin irritation of the face from the securing tapes.

• Pressure necrosis around nostrils and distortion of the nasal septum.

• Pressure necrosis around head/ears due to improperly secured bonnets or CPAP 
head harnesses.

• Air leaking around the prongs due to the mouth being open which may result in 
loss of desired pressure and decrease in delivered oxygen concentration.

• Pneumothorax or pneumomediastinum especially in the extremely low birth 
weight babies.

• Extremely high CPAP levels resulting in a decrease in the venous return and 
therefore reducing the babies cardiac output.

• Feed intolerance following gastric distension (CPAP belly) as the delivered gas 
enters the stomach and gastrointestinal tract.

2.7 CPAP and surfactant

Studies have shown that in babies with moderate to severe respiratory distress syn-
drome the combination of nasal continuous positive airway pressure (nCPAP) and a 
single dose of surfactant reduces the need for intubation and mechanical ventilation [36].

Methods of delivering surfactant to an infant on CPAP include:
INSURE method (INtubation-SURfactant-Extubation), Surfactant administration 

via thin catheter and Nebulized surfactant [41].
The INSURE method (INtubation-SURfactant-Extubation) is done by intubating 

the infant, administrating surfactant via the endotracheal tube followed by a short 
period of mechanical ventilation, extubation and then onto CPAP. This is done at the 
onset of RDS [42] Stevens suggest that in spontaneously breathing preterm infants 
with RDS the INSURE method of surfactant administration followed by early extuba-
tion to NCPAP is preferable to traditional intubation and surfactant treatment and 
keeping the baby on the ventilator. INSURE reduces the need for mechanical ventila-
tion. Its also reduces the incidence of pneumothorax and BPD.

Surfactant administration via thin catheter (S-TC) encompasses any method in which 
a thin catheter, narrower than a standard endotracheal tube (ETT), is passed through the 
vocal cords to allow surfactant instillation. The most commonly used methods are [43].

A flexible thin catheter and Magill’s forceps (Cologne method), as described by 
Kribs and colleagues [33], flexible thin feeding tube without Magill’s forceps (take 
care method), as described by Kanmaz and colleagues, semi-rigid thin catheter 
(Hobart method), as described by Dargaville and colleagues [30]; and modifications 
of the above methods.
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Differences of the various methods may be encountered in (1) the pre-medication 
used, (2) the means of laryngoscopy used, including videolaryngoscopy, (3) the type 
of catheter, (4) the method used to guide the catheter through the vocal cords, (5) 
the approach to surfactant delivery (bolus versus infusion, rapid versus slow), (6) the 
surfactant preparation, (7) the surfactant dose, and (8) the approach to respiratory 
management before, during, and after the technique, including the type of non-invasive 
respiratory support used. It is expected that infants are spontaneously breathing, and 
therefore positive-pressure inflations are not required for surfactant dispersal. Unlike an 
ETT, a thin catheter is unsuitable for delivery of positive-pressure inflations.

Several different acronyms may be used for the above methods, including:

• MIST (minimally invasive surfactant therapy);

• LISA (less invasive surfactant administration);

• SurE (surfactant without endotracheal tube);

• MISA (minimally invasive surfactant administration); and

• NISA (non-invasive surfactant administration).

Abdel-Latif et al. concluded in his Cochrane review that surfactant therapy via 
thin catheter (S-TC) compared to surfactant via endotracheal tube (ETT) reduced the 
incidence of the combined outcome of death or bronchopulmonary dysplasia (BPD) 
at 36 weeks’ postmenstrual age (PMA) [31].

2.8 Nebulised surfactant

This method is carried out when Aerosolised surfactant is given to the neonate via 
a customised vibrating membrane nebuliser positioned between the mask and the 
bubble nCPAP circuit. Minocchieri et al. showed that nebulised surfactant admin-
istered in the first 4 h of life to very and moderately preterm infants with mild RDS 
may benefit these babies [44]. These findings require confirmation in a adequately 
powered randomised controlled trial evaluating the benefits of nebulised surfactant 
in infants with mild to moderate respiratory distress [44].

3. Conclusion

In conclusion CPAP is a safe and effective method of noninvasive ventilation in 
the preterm infant with RDS and it reduces the need for assisted ventilation by almost 
half, and substantially reduced the use of surfactant. CPAP is a simple and inexpen-
sive form of treatment to implement and hence has implications for use in low- and 
middle-income countries (LMIC).
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Abstract

Sub-Saharan Africa (SSA) continues to face adverse maternal and child health 
(MCH) outcomes compared to other regions of the world. Previous research showed 
that SSA countries did not reach Millennium Development Goals (MDG)-4 and 
MDG-5. To further our understanding of levels and correlates of MCH outcomes, 
numerous studies have focused on socioeconomic factors, both at individual, 
household, and community levels. This chapter adopted a different approach and 
emphasized the role of leadership at regional, national, and local levels to improve 
MCH outcomes in SSA countries. Overall, the chapter demonstrated that without 
an enlightened leadership, SSA countries will be lagging behind SDG-3 targets. 
Additionally, evidence to guide policymaking in most countries is lacking mainly 
due to lack of sound data to specifically meet the needs of policymakers. There is 
an urgent need to focus on Research and Development (R&D) and Innovation. To 
achieve this goal, a crucial shift in leadership is compulsory.

Keywords: leadership, governance and public policy, maternal and child health, 
universal health coverage, Sustainable Development Goals, sub-saharan Africa

1. Introduction

This chapter draws from the international agendas, Millennium Development 
Goals (MDGs) for 2000–2015 and the Sustainable Development Goals (SDGs) 
for 2015–2030 to highlight the role of leadership in promoting maternal and child 
health (hereafter, MCH) in sub-Saharan Africa (SSA). These perspectives set out to 
ensure acceptable levels of MCH outcomes across regions and countries, and within 
countries. For instance, under MDGs, the international agenda aims at reducing child 
mortality (MDG-4) and improve maternal health (MDG-5) [1]. However, only six 
countries (Botswana, Cape Verde, Eritrea, Malawi, Mauritius, and Seychelles) were 
on track to achieve Millennium Development Goal (MDG)-4, to reduce under-five 
mortality rate (U5MR) by two-thirds by 2015 [2]. Similarly, evidence showed many 
SSA countries were making insufficient progress in achieving MDG-5 of reducing 
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the maternal mortality ratio (MMR) by three-quarters by 2015 [3]. It is therefore 
not surprising that research about maternal, newborn, and child health (MNCH) 
remains a top priority in the post-2015 development agenda. The new development 
agenda specifically sets out in goal 3 to “ensure healthy lives and promote well-being 
for all at all ages” including reducing MMR to 70 per 100,000 live births and neonatal 
mortality to as low as 12 per 1000 live births and under-five mortality to as low as 
25 per 1000 live births. Worldwide, SSA countries are the greatest contributors of 
most preventable maternal and child deaths [4], yet an improvement of MCH in 
this region could lead to substantial reduction of maternal and child morbidity and 
mortality. In sum, most SSA countries did not reach MDG-4 and MDG-5, and likely 
they will not reach SDG-3. Therefore, this chapter answers the following overarching 
question: “Why SSA countries might not achieve SDG-3?” It posits that envisioned 
leadership, which is of paramount importance to achieving this goal, is crucially 
lacking in the region.

2. Sub-Sharan Africa: the world of poverty and hunger

In the past decade, the world has experienced significant socioeconomic progress, 
even though the effects of the COVID-19 pandemic have had negative effects on 
population wellbeing [5]. In this chapter, the Human Development Index (HDI) is 
used to show the inequalities across world regions and within region, essentially SSA. 
The underlying assumption is that poverty and hunger are rampant in countries with 
low HDI. Furthermore, it is unlike to expect sustainable health, including MCH, if 
people are not fed properly, and live in extreme poverty. The recent report on HDI 
shows the following. First, SSA is the least developed region in the world based on 
HDI. Indeed, HDI in developing regions range from 0.547 in SSA to 0.705 in Arab 
states. It is clear that the region is still facing a number of challenges, including leader-
ship and governance, women’s empowerment, education, and employment among 
others. Turning to the distribution of HDI at country level, the report clearly shows 
that most SSA countries are located at the bottom of the ranking. For instance, 31 SSA 
countries ranked between 157th (Mauritania) and 187th position (Niger). This is a 
clear indication of poor leadership and governance in the region, adding up armed 
conflict and wars which are literally impeding sustainable democracies in the coun-
tries. Furthermore, the AIDS pandemic is still causing a number of serious damages 
in SSA countries, leaving behind vulnerable children and increasing the percentage 
of populations living under the poverty line [6]. Additionally, policymakers paid 
less attention to nutrition, while SSA is the region of the world where the number of 
underweight children has stagnated over time as a clear alarm to detrimental effects 
of malnutrition on children development growth, with all known consequences such 
as brain development [7–9]. Yet, fully complete nutrition is key to ensure optimal 
development and to ensure citizens are prepared to build national wealth while fight-
ing hunger and eliminating poverty.

There is evidence of the co-occurrence of poverty and hunger in many regions of 
the world, including SSA and scholars really wonder if extreme poverty in SSA can 
be eliminated by 2030 [10, 11]. According to the World Bank, households with a per 
capita income or expenditure less than $1.90 per person per day are defined being 
poor [12]. From the Economic Development Report released recently [13], there is 
evidence that most SSA countries have made progress in reducing the number of 



99

The Role of Leadership in Sub-Saharan Africa in Promoting Maternal and Child Health
DOI: http://dx.doi.org/10.5772/intechopen.105773

people living below the poverty line. In fact, between 2010 and 2019, the percent-
age of households living below the poverty line ($1.9 per person per day) declined 
from 40 to 34%, in spite of the COVID-19 pandemic. It is common that people living 
in poverty to be undernourished, which led scholars to question the relationship 
between poverty and nutrition by adopting the human capital approach: Is it the 
cause or the consequence? Scholars posit that nutritional status has a profound impact 
on human capital [14], especially at earlier ages where the brain continues to develop. 
In the search of pathways of influence, scholars posited that malnutrition has adverse 
consequences on physical and mental health/development, productivity, and the 
economic potential of an individual. Likewise, poverty and malnutrition both affect 
MCH in the following ways. Poverty can be a strong barrier to access good healthcare 
services on the one hand [15–17], and on the other hand, malnutrition can be detri-
mental for maternal and child health [18].

Although most SSA countries made progress to reduce poverty levels amid the 
COVD-19 pandemic, the region is still lagging very behind compared with other 
regions in the world. Therefore, it is important to further our understanding of struc-
tural barriers impeding most SSA countries from meeting SDGs targets on maternal 
and child health. Before moving there, let us take a look on common indicators of 
MCH in the region.

3. Maternal and child health in sub-Saharan Africa: key indicators

This section addresses a number of MCH in sub-Saharan Africa, including 
antenatal care services, skilled birth attendant, facility-based delivery, utilization 
of postnatal care services, child health services, HIV testing, and prevention of 
 mother-child transmission.

3.1 Antenatal care service coverage

Indicators to monitoring antenatal care services include, among others, utiliza-
tion, frequency, and timing of ANC [17]. This chapter reports on two ANC indicators: 
(i) percentage of women who received four or more ANC visits during pregnancy 
according to WHO recommendations [19] and (ii) percentage of women who 
received ANC visit from a skilled provider (Figure 1). The number of women of 
reproductive ages in SSA countries has increased over time [20]. Data were available 
for 32 countries and findings showed that, on average, 56% of women received at 
least four visits during pregnancy. This figure ranged from 29.2% in Senegal to 90.5% 
in Ghana. Likely, Ghana has made tremendous progress in ANC coverage and access 
mainly due to a developed national insurance scheme [21] The percentage of women 
of reproductive ages who received antenatal care from a skilled provider was even 
higher on average in 36 countries with available data. Indeed, 88% of women received 
ANC visits from a skilled provided. While SSA countries made incredible progress on 
this area, there still are significant differences across countries. The lowest (51.6%) 
and highest (99.2%) percentages were observed in Togo and Burundi, respectively. 
It is worthy to mention that these two countries are among smallest countries in SSA 
in terms of superficies which can be a key element allowing national governments 
to better serve women of reproductive ages during pregnancies, a major cause of 
maternal deaths in the region.
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Sub-Saharan Africa has a long history of Knowledge-Attitudes-Practices (KAP) 
studies since 1980s to better understand knowledge, attitudes, and practices of 
modern contraction among women of reproductive ages. It was expected like it was 
in the case of Asian Tigers that after more than four decades women have embraced 
modern contraception as a path to reduce/control the persistent higher fertility 
levels in the region. The reality is that women of reproductive ages in the region 
are still suffering of unmet needs for family planning (Figure A.1, appendix). Yet, 
without universal access to family planning, the population will continue to grow, 
even faster.

Figure 1. 
Antenatal care utilization in sub-Saharan Africa.
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3.2 Skilled birth attendance

Skilled birth attendance (SBA) has attracted much attention three decades ago 
when the Safe Motherhood campaign was launched in Kenya [22, 23]. It is posited 
that SBA can substantially reduce maternal deaths when skilled birth attendants  
(e.g. doctors) assist women during deliveries [22, 24–27]. Therefore, many prevent-
able deaths during pregnancies in SSA are due to the quality of health professionals 
who assist women during deliveries. Data available on 28 countries indicated that, 
on average, 71% of women were assisted by a skilled professional at delivery, which 
contrasts a bit with the alarming level of maternal deaths in the region (Figure 2). 
Perhaps, the inequalities across countries concerning access to a skilled provided 
may explain the higher number of maternal deaths which is observed in the region. 
Indeed, only one-fourth of women of reproductive ages are assisted by a skilled birth 
attendant, while the corresponding figure is 96.7% in South Africa [25]. There are 
two things worthy to point out here. First, reliable data to provide evidence on the 
state of skilled birth attendance are still missing. Governments in SSA countries and 
the AU council should engage in providing sufficient finding to collect data sup-
porting planning, implementation, and monitoring of MCH programs in the region 
at national and subnational levels. Second, it seems there is a correlation between 
the level of socioeconomic development and access to SBA when one looks into the 
bottom (Chad) and the top (South Africa). Further research could devote much 
attention on this hypothesis and if confirmed, this means that collective efforts in the 
region should be done to reduce these inequalities across countries.

Figure 2. 
Skilled birth attendance in sub-Saharan Africa.
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3.3 Under-five mortality

Under-five mortality rate (U5MR), referred to as the probability to die before the 
fifth anniversary, is a key indicator to measure the socio-development of a country 
and child health [28–30]. In the last few decades, tremendous progress has been 
done to reduce the probability of a live birth to die before his/her fifth birthday, even 
though the levels of U5MR still are higher in SSA countries compared with other 
regions in the world. Yet, it is important to identify appropriate targets and devise 
effective interventions if SSA countries to reduce mortality among children under 
5 years of age [28]. Again, that is where leadership comes into play because main 
causes of infant morbidity and mortality have been extensively studied worldwide 
and the region, but still progress has been very limited so for. Data from 29 countries 
showed that SSA countries register on average 83 deaths per 1000 live births  
(Figure 3). Alarmingly, this figure is far above the target of SDG-3.2 which aims 25 
deaths per 1000 live births [31]. Furthermore, there are significant inequalities across 
SSA countries which need to be tackled collectively if national Governments want 
to reach SDG-3.2 [32]. Indeed, U5MR ranged from 41 deaths per 1000 live births in 
Mauritania to 158 deaths per 1000 live births in Central African Republic. Additional 
efforts targeting Central Africa are crucial to improve child health as shown in this 
chapter. A previous work showed that socioeconomic indicators are worse in Central 
Africa compared with other regions in the region [33]. The region has also been 

Figure 3. 
Under-five mortality rate in sub-Saharan Africa.



103

The Role of Leadership in Sub-Saharan Africa in Promoting Maternal and Child Health
DOI: http://dx.doi.org/10.5772/intechopen.105773

suffering with poor leadership through dictatorship and armed conflict. For instance, 
the Democratic Republic of the Congo has suffered since 1965 with poor leadership, 
lack of transparency, corruption, among others. Likewise, Central African Republic 
has been very unstable and until now, the country does not have effective government 
due to armed conflict. Gabon, the Republic of Congo, and Cameroon have been rela-
tively stable, but they lack clear vision and accountability, and rampant corruption 
is knocking the doors every time. Such context is not conducive to boost economic 
development, and thereafter, improve MCH in the countries.

3.4 Child health: stunting and wasting

Over the last four decades, child (mal)nutrition has crystalized interest in both 
scientific and policymaking spheres [34–37] for several reasons. First, child malnu-
trition is a major public concern in SSA countries; it represents both a cause and a 
manifestation of poverty. Second, poor nutrition among young children has short- 
and long-term consequences. For instance, child malnutrition increases the risks of 
morbidity from infectious diseases and mortality; it affects cognitive and mental/
brain development and work productivity in adulthood. Finally, there is increasingly 
evidence that poor nutrition yields to poor reproductive outcomes, obesity, and 
chronic diseases in later life [7, 9, 34, 38–42]. At some point, one might wonder if 
poor brain development could explain the rampant poor leadership observed in SSA 
countries. First, most “leaders” come from poor households where they suffered from 
poor nutrition in their 1000 first days in life. Second, most people ruling did not have 
a chance to attend kindergarten where children are taught good behaviors in early life, 
such as sharing, listening, respect, love, among others. Turning back to data available 
on 27 countries (Figure 4), findings indicated that on average, 32% of children are 
stunted, with significant geographical variations in the region. Indeed, the percentage 
of children stunted varies from 16.5% in Gabon to 55.9% in Burundi. Such figures 
do not health in achieving SDG-3.2, since poor nutritional status among children 
is a major cause of morbidity and mortality. Furthermore, previous studies have 
documented the interlinkages between slow growth in height during childhood and 
impaired health, and poor school and economic performance [8, 9, 43]. With regard 
to wasting, findings showed that on average, 6.6% of children are affected. The lowest 
and highest percentage of wasted children were observed in Rwanda (1.1%) and Niger 
(18.0%), respectively. Like stunting, wasting during gestation and childhood has 
short- and long-term consequences later in life [44]. The Dutch famine of 1944 –1945 
is illustrative of such chaos [45]. This study showed that exposure to famine during 
gestation resulted in antisocial personality and affective disorders, among others. 
Yet, these traits are very important to develop/foster a strong leadership. Even though 
people ruling developed countries are not perfect, one might admit that commitments 
toward public service are likely indication of social personality and affective traits, 
which in turn engage rulers to build their countries and treat people well somehow. 
In contrast, people ruling SSA countries do not feel accountable, more likely because 
they have antisocial personality and affective disorders, as a result of poor nutrition 
during pregnancy and early childhood.

Within this background showing clearly that key indicators of MCH are SSA coun-
tries is still of great concern while being a major public health issue, the region needs a 
significant shift through a strategic vision and leadership to devise and implement sound 
policies to improve MCH and therefore help SSA countries to achieve globally SDG-3.



Maternal and Child Health

104

4. Leadership: improving maternal and child health within a new lens

As aforementioned, SSA is one of the poorest regions on the earth in spite of 
plenty resources in the SSA countries. That is where leadership comes into play as it 
is usually posited that “to great evils, great remedies.” In this chapter, it is assumed 
that a transformational leadership is compulsory for SSA countries to achieve SDGs 
and substantially improve MCH in the region in the context of weak economies 
and heightened pressures for action, including global economic crisis and austerity 

Figure 4. 
Stunting and wasting among children in sub-Saharan Africa.
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politics, demographic changes [46], and increasing inequity of maternal healthcare 
utilization between poor and rich [17], and amid the rampant consequences of urban 
poverty [16], and the unstoppable effects of COVID-19 in SSA.

Kuhlmann et al. offer an interesting perspective to further our understanding of 
healthcare policy and governance within an integrative approach to include, among 
others, policies and governance to ensure universal coverage, access to healthcare, 
financing, quality of care, and health equity [46]. Deepening all these areas is beyond 
the scope of this chapter. These notions have been extensively discussed elsewhere 
[47]. Furthermore, previous research clearly identified eight governance principles 
to account for to better activate the workplace in health sector [48]. These include 
information, accountability, strategic vision, transparency, efficiency, equity, respon-
siveness, and voice and participation. More importantly, they pointed out to leader-
ship as a key action in Health Action Framework. Turning now on what should be 
the role of leadership in enhancing MCH in sub-Saharan Africa, this chapter borrows 
from the demographic dividend (DD) to sharpen its importance in the MCH context 
(see Figure 5).

The overarching question from Figure 5 stems from the precedence in the 
“enabling environment” to more likely reach the goal of improved maternal and 
child health in sub-Saharan Africa, while assuming all factors (education, health, 
economics, and governance) are important. In a previous work, I argued that gover-
nance was the most important piece to manage if SSA countries wanted successfully 
to reach SDGs, and specifically SDG-3. Before expanding on the role of leadership 
on MCH in SSA, let us revisit what scholars have done so far regarding the role of 
governance on MCH.

Figure 5. 
Pathways to improved maternal and child outcomes in sub-Saharan Africa.
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4.1 Governance and maternal and child health in sub-Saharan Africa

There are several attempts to address the importance of governance in SSA 
concerning challenges and opportunities to substantially improve MCH at both 
national, subnational, and local levels [18, 49–52]. These studies identified strengths 
and weaknesses. Kaplan et al. provide a good summary of strengths and weaknesses 
within the human resource perspective [48]. Strengths include among others, increas-
ing transparency of financial flows and responsiveness to population needs through 
training of new cadres of health workers to address shortages and deliver care to more 
vulnerable populations and remote areas; implementing pilot programs that apply 
financial and nonfinancial incentives which ultimately increase efficiency; and easing 
onboarding process for health workers. Regarding weaknesses, most countries lack 
to develop, implement, and evaluate health workforce policies that outline a strategic 
vision, to implement accountability regulations in the health workforce, and to use 
health information systems to provide evidence for better decision-making. However, 
as shown later, most interventions to strengthening governance in healthcare have 
mainly focused on the use of resources. Indeed, Schneider et al. showed that initia-
tives to strengthen the governance of district health systems in South Africa which are 
pivotal to reach SDG-3 have used various methodologies [52], and therefore results 
are not necessarily comparable on the one hand, and on the other hand, have focused 
on improving the efficiency of resource use. This is likely because most SSA countries 
spend less moment in national budgets and mostly rely on public aid on development 
(PAD), with high control over resource is a requirement to benefit PAD. But overall, 
governance in SSA countries has been ineffective given the results obtained in terms 
of improving MCH in these countries. There is still then an unanswered question, 
why is governance so ineffective in SSA countries yet it is of crucial importance to 
boost MCH in this deprived region of world? This chapter addresses this question in 
the next section.

4.2 Leadership and maternal and child health in sub-Saharan Africa

The interlinkages between governance and leadership are important to catch up at 
a glance if one might understand the chief importance of leadership in shaping MCH 
in SSA countries. There are many reasons to seriously address the role of leadership 
in the context of MCH in SSA. First, and as it was shown earlier, the region is lagging 
very behind in terms of socioeconomic indicators. Second, the region is the most 
politically unstable region in the world. The recent coups in Mali, Burkina Faso, and 
Guinea may tell us more. Third, there are almost no indications that the region will 
perform well in the next few decades with the observable effects of COVID-19 placing 
SSA in the most vulnerable position [53, 54].

What is governance? The concept is not new and has been over decades in 
political and academic spheres. Governance comprises collective actions and 
measures adopted by a group of people to achieve common goals [55]. According 
to The World Bank, collective actions and measures are not an end, instead they 
should be guided by a number of formal and unformal rules [56]. According to 
Rhodes, “governance refers to: a new process of governing; or a changed condition 
of ordered rule; or the new method by which society is governed” [57]. In practice 
and for the best of people’s wellbeing, the international community has introduced 
the concept of “good governance” as opposed to “poor governance” which is a 
multifaceted concept comprising eight factors, including Participation, Rule of 
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Law, Transparency, Responsiveness, Consensus Oriented, Equity and Inclusiveness, 
Effectiveness and Efficiency, and Accountability [58]. All these components are 
important; however, responsiveness refers to as the leadership required to boost the 
collective actions and measures taken by the national governments. Therefore, one 
might question the interlinkages between leadership and effective MCH interven-
tions in SSA countries.

This chapter builds on a modified framework from policy interventions facilitat-
ing demographic dividend (see Figure 5) [59]. There have been several attempts 
to address the linkages between leadership and MCH; however, they have mainly 
focused on “lower levels” targeting professionals and cadres in health workforce 
[60–64]. Most studies have focused on capacity-building, development of skills to 
better serve more deprived segments of the population, and accountability. Although 
this research agenda is quite important, this chapter posits that it is not sufficient to 
reach SDG-3 given the results obtained during the MDG momentum. Therefore, it is 
of paramount importance to bring the debate at higher levels to expect a substantial 
shift which can really change the current situation of MCH in SSA, including the 
African Union (AU)’s and country’s commitments to improve MCH in the region. 
This is not unexpectable because countries such as Thailand or Korea have shown 
such great successes in the past to improve population wellbeing, including maternal 
and child health [15, 65, 66].

4.2.1 Maternal and child health in sub-Saharan Africa: AU agenda

In 2016, the African Union (AU) discussed its heath strategy in Addis Ababa in 
preparation of the 2016 meeting of Ministers of Health in Geneva, Switzerland, in 
May 2016 [67]. In the situation analysis, one might read that the “region still faces 
urgent need to accelerate progress” toward (i) improving child health. Indeed, even 
though a decline of 40% in infant mortality rate (IMR) between 1990 and 2014 from 
90 deaths per 1000 live births to 54 deaths per 1000 live births, there still are sub-
stantial variations across and within countries, and therefore impeding the regions 
to reach SDG-3. Furthermore, the region still experiences a significant percentage of 
unmet need for modern contraceptives estimated at 26% which has almost flattened 
between 1990 and 2013.

Expectedly, the AU report pointed out the path to better MCH outcomes as it indi-
cated that top-level commitment, stewardship, accountability, and transparency in 
the leadership and governance within the health sector are critical to improve health 
in SSA countries in general, and specifically MCH. It also extended saying that SSA 
countries should consider instituting effective decentralization of functions, author-
ity, and resources to improve health sector performance. However, the report is silent 
about the time horizon on the one hand, and on the other hand it does not provide 
any indication of dictatorship and centralized power in the region, and how they are 
detrimental to achieve good health [68]. Previous research showed that despite of 
some progress made in SSA countries to improve maternal healthcare utilization [17], 
there are increasing inequalities between poor and rich and this might impede the 
progress observed so far.

The report mentioned among other strategic approaches, health research, and 
innovation as a transformational path to health sector and the African economy as 
a whole by suggesting an investment of 2% of the national budget in Science and 
Technology between 2014 and 2024. The reality is that Research & Development 
still unfunded (or at least poorly funded) in most SSA countries. Most initiatives of 
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research funding are foreign/international, and therefore, they do not sound and 
sustainable research on the one hand, and on the other hand, they might overlook 
specific needs of SSA countries. For instance, the Innovating for Maternal and Child 
Health in Africa (IMCHA) Initiative aimed at improving maternal and child health 
in SSA countries through research and was funded by International Development 
Research Centre (IRDC) of Canada [69]. The project is certainly worthy since it 
addresses critical knowledge gaps and increases awareness among policymakers; 
however, it is not sufficient to provoke a significant shift in the organization of health 
systems in most SSA countries without enlightened leadership from national and 
local governments in SSA countries. First, the project was geographically unbalanced 
since it was led in 11 countries. Second, the project less focused on ownership of the 
outcomes, and it is not obvious that policymakers will use the generated knowledge 
to implement sound policies to improve MCH in SSA countries. Likewise, African 
Population and Health Research Center (APHRC) in Nairobi (Kenya), the 2015 
UNFPA Population Award, has been doing since 2000s such an incredible job in 
generating knowledge and evidence for the African continent [70]. This organiza-
tion operates through international research grants since its inception and has 
rarely benefited money from African governments to undertake research which 
African-funded, African-led research, and context-specific. Observers would ask 
themselves if African governments do really understand the importance of research 
and evidence-based policymaking. It is time to make the shift if SSA countries want 
to achieve SDG-3.

4.2.2  Maternal and child health in sub-Saharan Africa: country-level commitments 
and progress

The last section focused on the highest level of commitment, the AU agenda. The 
most functional level, the country level, is pivotal in implementing sound programs 
and policies to expect progress in MCH indicators. The section expands on the 
previous one and borrows main ideas from Figure 5. The enabling environment is 
critical for a country to achieve optimal maternal and child health, while significantly 
reducing the poor-rich inequality and eliminating urban advantage. But in this search 
of the “quality of MCH,” what is the best enabling mechanism? Of course, educa-
tion, health, economics, and governance are all important. However, to optimize the 
achievement of universal health coverage within the lens of MCH, national govern-
ments should decide where or what to focus on first and foremost. What need to be 
done to efficiently utilize resources to create good quality of MCH services? How long 
did it take to reach SDG-3?

These questions are complementary but even more complex. For instance, what 
will be the added value in terms of MCH outcomes when healthcare workforce is well 
trained but not well paid? Just take a minute and think about the Arab spring and all 
consequences of the long-term frustration in the region, which have devastated the 
fragile economies. There is an urgent need to critically think of the best way to articu-
late education and motivation in the health sector in SSA countries. Relatedly, what 
will happen if human resources are well trained but are employed in small jobs that 
do not fit their skills? It is a human being instinct to survive. If a well-trained health 
professional cannot find a job that really fits his/her skills, he/she will take which-
ever given job to survive. This impeding situation will lead to demotivation and less 
productivity as the individual will always be thinking of another work and will not be 
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creative as he/she would have been in a job-matching context. In this case, education 
has a less added value than in a conducive environment.

The paper posits that what happened in “Asian Tigers” to put their economies in 
right paths and implement sound policies that improved population wellbeing and 
health is a “manifestation of enlightened and strong leadership,” which was able to 
guide public opinions and behaviors. In 2015, African Union for Population Studies 
(UAPS) organized its 7th Population Conference in Pretoria (South Africa) under the 
theme “Demographic dividend in Africa: Prospects, opportunities, and challenges” 
which registered a high number of papers and presentations, and interesting debate 
about how sub-Saharan Africa can reap demographic dividend. Dr. Prata presented 
a paper entitled “Access to family planning and women’s health.” Using a graph from 
a previous study to illustrate the relationship between fertility, contraception, and 
abortion in Korea between 1960 and 2000 [71], Dr. Prata pointed out a striking fact 
in her presentation to highlight the major differences between SSA countries and the 
Asian Tigers. The Korean experience showed that the initial stage of fertility decline 
was accompanied by both increases in contraception and abortion for more than 
15 years. However, the difference between SSA and Korea was that Korean women 
had access to safe abortion, while SSA still experience unsafe and high abortion 
rates. This illustration symbolizes how policy decisions may have greater impact than 
simple vows.

Back to our question about the gradient among the enablers and put differently, 
while the world is vibrating at the rhythm of SDGs and demographic dividend, 
the paper assumes that “Governance” should be the most important pillar to drive 
the necessary and sufficient decisions for SSA countries to reach SDG-3. Let us use 
malaria as a simple case for illustration. It is well known that malaria still is one of the 
major causes of death in SSA account for 94% of deaths [72], and it is also well known 
that SSA countries have poorest MCH indicators worldwide. This endemic illness 
costs to Africa, the poorest continent of the planet, an amount of $US 12 billion in 
lost productivity and health expenditures per year [71]. It means that if SSA countries 
have worked together to find sustainable ways to fight malaria, they could have been 
able to save up to $US 12 billion to invest in other productive sectors to boost their 
economies and improve MCH outcomes. Likewise, better housing and investments in 
clean environments can mitigate the reproduction of mosquitoes in rural and urban 
areas and could have saved lives and money.

Both scientists and policymakers however are hiding behind the broad theme of 
“enabling environment” and unable to decode the black box “Enabling Environment.” 
The terms “governance” seems vague and confusing in some sense, and it has 
become a condition for international aid. As seen rhetorically, it means “democracy” 
or “change of regime.” Many SSA countries have witnessed changes of regime in 
the last decade; however, does it really mean “governance” or “good governance”? 
Admittedly, democracy and change of regime are ingredient to governance, but a 
transformational leadership capable to guide the countries in the right direction and 
responsibly address the bottlenecks impeding economic growth to improve popula-
tion wellbeing is blatantly lacking in the region. SSA has experienced an average 
growth rate on gross domestic product (GDP); yet most of SSA countries have the 
lowest Human Development Index (HDI). That is what makes the difference between 
the Asian Tigers and SSA countries. Strong and transformational leadership in Asian 
Tigers had a vision and took the necessary policies to change their business models 
and boost economic growth. In SSA, it is intriguing that countries do not learn from 
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past experiences: slavery, structural adjustment programs, democratization, political 
instability, and so on. All those factors are key to understand SSA’s history and should 
guide our vision for the future. The same recipes will always produce to some extent 
the same results. SSA countries experienced very bad results worldwide on MDGs; 
they will likely experience the worst results for SDGs. Therefore, SDG-3 will be a 
futile slogan if there is no radical political shift of leadership in SSA countries. The 
problem is well known: SSA is suffering from a very poor leadership without a vision 
of what the governments want for their countries to stand for in the next few decades. 
SSA countries are comparable to machines without captains. Are we going to expect 
miracles without a clear roadmap? Absolutely not! Therefore, it is important for SSA 
governments to stop and see what they are doing well, and mostly what does not 
help their nations. SSA countries have the potential to reap demographic dividend; 
however, that should be accompanied by a shift in political will leading to a strong 
leadership and decisions benefiting the countries.

5.  Conclusion: takeaway messages about leadership and MCH in SSA 
countries

This chapter has stressed the well-known socioeconomic disadvantage sub-
Saharan Africa (SSA) is facing adverse maternal and child health (MCH) outcomes 
compared to other regions of the world. Essentially, it showed that most SSA coun-
tries did not reach Millennium Development Goals (MDG)-4 and MDG-5. Also, it 
is very likely that SSA countries will not achieve Sustainable Development Goals 
(SDG)-3 based on the actual progress of most countries in the region. Given the 
alarming landscape of the region regarding MCH, and based on previous work, the 
chapter has demonstrated that leadership plays a pivotal to boost MCH outcomes 
in the region on the one hand and to accelerate the socioeconomic development of 
the region as a whole. Indeed, most SSA countries have committed in international 
agenda about maternal and child health, and they all have policies and programs 
targeting MCH outcomes. However, significant progress toward targets on SDG-3 
is rare in most countries. First, data are lacking to provide them with clear evidence 
to devise specific programs and interventions. On this matter, data revolution in the 
region is compulsory. Most sources of data, mainly Demographic and Health Surveys 
(DHS) and Multiple Indicators Surveys (MIS) are not funded by national/local 
governments. Therefore, there is a lack of ownership in the region and SSA countries. 
Second, research funding is lacking in most SSA countries; yet it is harder to think 
of development with Research and Development (R&D) and Innovation. Third, the 
region is struggling to get enlightened leaders with a clear vision to determine where 
their respective countries and the region is heading in the next 10 or 20 years.
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Neonatal mortality rate in sub-Saharan Africa.

Figure A.1. 
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Abstract

Perinatal asphyxia is one of the most frequent causes of perinatal morbidity,  
accounting for approximately 23% of neonatal deaths worldwide. Fetuses that suffer 
from hypoxia-ischemia are at high risk of developing multiorgan dysfunction, including 
the gut. Hypoxie-induced gut injury may result in adverse clinical outcomes, such as 
feeding intolerance and necrotizing enterocolitis. Increased permeability and subse-
quently an enhanced entry of bacteria and endotoxins into the systemic circulation can 
contribute to endotoxin aggression and further trigger numerous diseases. The aim of 
study is to investigate the effect of perinatal asphyxia on the integrity of the intestinal 
barrier and the state of antiendotoxin immunity. The study included preterm neonates 
exposed to perinatal asphyxia, who were comparable with non-asphyxiated infants. The 
concentrations of intestinal mucosa barrier injury markers (intestinal fatty acid bind-
ing protein, liver fatty acid protein, lipopolysaccharide binding protein), neurospecific 
proteins (neurospesific enolase, NR-2 antibodies), and also endothelial dysfunction 
markers (endothelin-1, nitric oxide) were determined in serum of included neonates on 
day of 1 and 7. The high risk of intestinal mucosal injury in newborn exposed to perinatal 
asphyxia decreases the level of antiendotoxic immunity and should be considered as an 
unfavorable factor for sepsis.

Keywords: perinatal asphyxia, endothelial function, brain injury, mucosal barrier, 
preterm infants

1. Introduction

The main pathophysiological change that develops in intestinal ischemia is dam-
age to the epithelial integrity of the mucosa, leading to bacterial translocation, release 
of pro- and anti-inflammatory cytokines, activation of innate immunity dominated 
by pro-inflammatory effects, with the final manifestation of the process as intestinal 
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perforation or fulminant sepsis [1, 2]. The progression of intestinal ischemia is com-
bined with a paradoxical direction of oxygen flow in the villi from tissues to blood, 
which contributes to their hypoxia and can result in necrosis starting from the tops of 
the villi of the intestinal mucosa. In this case, enterocytes exfoliate from their own plate 
and into the intestinal lumen. One of the promising methods for assessing damage to 
intestinal epithelial cells is the determination of endogenous proteins of enterocytes in 
blood serum or urine [3]. These are low molecular weight proteins (14–15 kDa), fatty 
acid-binding proteins (FABPs), and bile acid-binding proteins. The intestinal form of 
FABP (I-FABP) is tissue-specific for the gut. I-FABP is localized to the tops of the villi 
in enterocytes and enters circulation when they are destroyed and is excreted from the 
body by the kidneys in a single passage, resulting in a half-life of 11 min. The concentra-
tion of this protein in the blood of healthy individuals does not usually exceed 2 ng/
mL, but this increases rapidly after an episode of acute intestinal ischemia. Reisinger 
et al. found that the content of I-FABP in human and sheep intestinal villi depends 
on gestational age, and an increase in I-FABP content in blood occurs in parallel with 
gestational age, allowing its use as a marker to indicate intestinal maturity [4]. Given 
the particular importance of hypoxia in the pathogenesis of ulcerative necrotizing 
enterocolitis (NEC), the determination of I-FABP content is typically carried out to 
diagnose patients and determine the severity of this condition. In particular, in a study 
by Guthmann, concentrations of I-FABP and hepatic FABP (L-FABP) were determined 
in healthy preterm newborns and in preterm infants with ulcerative NEC. An increase 
in the I-FABP concentration was found in end-stage ulcerative NEC, while the con-
centration of L-FABP was significantly increased only in newborns with suspected 
ulcerative NEC. Tentatively, the identified changes may be useful for the early diagnosis 
of ulcerative NEC in newborns [5]. Mannoia K. et al. found high concentrations of 
I-FABP in urine collected in the first 60 h of life from preterm infants who subsequently 
developed ulcerative NEC with the onset of enteral nutrition. The authors proposed the 
use of this protein for early ulcerative NEC detection in newborns who are at high risk 
of developing it, allowing for timely preventive measures [6].

Intestinal mucosa and submucosa layers are characterized by an intensive blood 
supply, which is due to their high demand for oxygen to support the processes of 
hydrolysis and absorption of substances as well as the constant need to renew entero-
cytes exfoliating into the intestinal cavity [7]. At the same time, the consistency of 
the protective properties of the mucous barrier of the large intestine is determined by 
the level of expression of epithelial mucins and their properties. Active expression of 
mucins by the epithelium of the gastrointestinal tract (GIT) is accompanied by the 
formation of a high-molecular viscoelastic layer, which is a protective barrier between 
the surface of the mucous membrane and the cavity contents of the GIT. According 
to modern concepts, MUC2, MUC4, MUC3, and MUC17 are synthesized both in the 
small intestine and in the proximal and distal parts of the large intestine. The localiza-
tion of mucins in the unchanged mucosa of the GIT coincides with the distribution of 
trefoil peptides expressed by goblet cells. Intestinal trefoil factor (ITF) together with 
mucins performs protective and regenerative functions, participating in the forma-
tion of the gastrointestinal barrier. Due to its compact structure, ITF is extremely 
resistant to acid attack, proteolytic degradation, and thermal degradation. Excessive 
synthesis of this substance occurs at sites of GIT damage, such as peptic ulcers or 
damage caused be inflammatory bowel disease. Patients with these pathologies have 
an elevated level of ITF in the blood serum. Lin J. et al., studying the level of ITF in 
neonatal meconium, found no difference in ITF content depending on birth weight 
[8]. Louis N.A. et al. argued that hypoxia has an inducing effect on the expression of 
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MUC3 and ITF in the intestinal mucosa, performing a protective function in oxygen-
deficient conditions [9].

It has been proven that the violation of intestinal perfusion is accompanied by an 
increase in intestinal permeability, which may be due to the extensive death of the 
intestinal mucosa. The hyperoxia that occurs during the period of reperfusion, stimu-
lating the processes of free radical oxidation and neutrophil chemotaxis, exacerbates 
inflammatory processes in the intestinal wall [10]. Another reason for the death of 
the intestinal mucosa may be severe endotoxemia. Endotoxins (lipopolysaccharides 
(LPS)), by stimulating the release of inflammatory mediators from macrophages 
and neutrophils, ultimately lead to an imbalance of pro- and anti-inflammatory 
responses, the occurrence of excessive systemic inflammation, and damage to the 
intestinal mucosal barrier [11].

Increased intestinal permeability describes an increase in the ability of substances 
to pass through the intestinal wall. Several non-invasive methods of examining 
intestinal permeability have been described. These methods can be divided into the 
following three groups: active direct, passive, and indirect. The “active” assessment 
of barrier function is based on the hypothesis that under physiological conditions, 
orally administered large molecules are unable to cross the intestinal wall. In the case 
of increased permeability, such samples cross the intestinal barrier and enter the 
bloodstream with subsequent detection in the urine after renal excretion. Absorption 
tests of water-soluble non-ionized compounds, such as lactulose, mannitol, and 
ethylenediaminetetraacetic acid, are most commonly used for this purpose. The “pas-
sive” assessment of the state of the intestinal barrier is based on the hypothesis that 
the intracavitary components of the intestine are translocated into the bloodstream 
with a decrease in its barrier function. Determination of the level of LPS of the outer 
membrane of Gram-negative bacteria (endotoxins) as well as measurement of the 
fermentation product D-lactate are the most commonly used tests for monitoring 
passive permeability. An indirect way to assess the translocation of bacterial products 
is to measure serum LPS-binding protein (LBP) levels and antibody levels in the 
endotoxin cortex.

LBP got its name from its ability to form a complex with LPS. LPS, which is the 
main component of the cell wall of Gram-negative microorganisms, is found in small 
amounts in the blood of healthy organisms and helps to maintain the protective 
mechanisms of innate immunity. LBP initiates the launch of a complex response cas-
cade of the receptor complex with LPS, which consists of the recognition, binding, and 
transport of LPS and the enhancement of the infection danger signal [12]. The cascade 
of successive LPS-LRP reactions with receptor structures that recognize pathogen-
associated samples initiates an intracellular signaling cascade, which, in turn, activates 
the nuclear transcription factor NF-kB with increased expression of pro-inflammatory 
mediators and rapid elimination of the infectious agent from the body. With excessive 
intake of LPS into the bloodstream and insufficient antiendotoxin protection, endo-
toxin aggression can develop. Synthesis of LBP mainly occurs in the liver with release 
into the blood after glycosylation with a molecular weight of 58–60 kDa [13].

Juli M. Richter et al. in experimental studies on rats established a dose-dependent 
effect of LBP on the processes of neonatal enterocyte migration and wound healing 
of the intestinal wall induced by LPS. Studies have found that a high concentration of 
LBP, as opposed to a normal concentration, suppresses the release of cytokines and 
improves survival after exposure of rats to LPS from Escherichia coli [14].

Present chapter describes the results of prospective clinical trial about the role 
of perinatal asphyxia in formation of intestinal barrier dysfunction. The study 
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conducted by the neonatology research group of Azerbaijan Medical University and 
involved 240 preterm newborns with the risk of perinatal hypoxic encephalopathy 
with a gestational age of 32–36 weeks. Group 1 included newborns who experienced 
asphyxia during childbirth, and Group 2 included newborns with chronic intrauter-
ine hypoxia but a relatively favorable course during the intranatal period. The Control 
group consisted of apparently healthy premature newborns. The levels of intestinal 
ischemia and neuronal injury makers were detected with standard ELISA method.

Chronic intrauterine hypoxia was determined on the basis of dopplerographic and 
cardiotocographic examination of the fetus. Asphyxia was diagnosed according to 
the guidelines of the American Academy of Pediatrics based on an Apgar score of <7 
taken in the first 30 min of life [15]. Gestational age was determined by the date of the 
last menstruation of the mother, ultrasound examination of fetometric parameters. 
The severity of hypoxic–ischemic encephalopathy was determined based on the 
Sarnat score [16]. An ultrasound examination of the brain was performed on the third 
day of life using transducers with a frequency of 5 and 7.5 MHz. The degree of intra-
ventricular hemorrhage was determined according to the Papile classification [17]. 
The exclusion criteria were a gestational age of <32 weeks, congenital malformations, 
and manifest forms of TORCH infections.

2. The impact of perinatal asphyxia on the intestinal barrier function

Involvement in the pathological process of the GIT is a logical outcome of severe 
hypoxic injury [18]. The causes of damage to the GIT are hemodynamic disorders, 
including regional disorders that involve a decrease in blood circulation in the mesen-
teric arteries in the first few minutes of life in newborns who have undergone asphyxia 
[19, 20]. The urinary concentration of the intestinal ischemia marker in newborns 
exposed to acute asphyxia in labor at 7–10 days old is significantly different from that 
of both healthy infants and newborns of Group 2 (р1–3 = 0.05: reliability of the differ-
ence for 1–3 days, р7–10 = 0.005: reliability of the difference for 7–10 days) (Figure 1).

Due to damage to the intestinal mucosa, failure of defense mechanisms, and 
overgrowth of Gram-negative intestinal flora, colonizing bacteria enter the mesen-
teric lymph nodes and systemic circulation. Impaired gut barrier function, even in 
the absence of bacteremia, leads to portal and systemic endotoxemia, which triggers a 
hypermetabolic and immunoinflammatory response. As can be seen from Figure 1, in 
Group 2 newborns, ischemia of the intestinal wall was accompanied by a high concen-
tration of a marker of antiendotoxin immunity. In infants in Group 1, the level of LBP 
was significantly low compared to that in Group 2 infants, which indicated the failure 
of immune defense mechanisms in acute asphyxia that developed against the back-
ground of chronic intrauterine hypoxia (р1–3 = 0.04: reliability of the difference for 
1–3 days, р7–10 = 0.042: reliability of the difference for 7–10 days). It should be noted 
that Juli M. Richter et al. indicated an improvement in the processes of regeneration 
of the intestinal epithelium susceptible to LPS attack after intraperitoneal administra-
tion of LBP at high concentrations [14]. The physiological increase in the level of this 
marker in newborns of the Control group was due to intestinal colonization, contact 
with bacteria, components of the colostrum, or postpartum maturation of the liver of 
newborns [21, 22].

As shown in Figure 2, the concentration of ITF, which stabilizes intestinal mucus 
and attenuates damage to the intestinal barrier, in newborns of Group 1 exceeded 
that of healthy newborns and infants of Group 2 (37.3 ± 9.0 ng/mL: subgroup 
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asphyxia +, 15.58 ± 3.7 ng/mL: subgroup asphyxia −, р1–3 = 0.05: reliability of the 
difference for 1–3 days). Despite the decrease in the concentration of this marker 
in dynamics, the concentration continued to exceed the indicators of the other two 
groups (20.1 ± 2.5 ng/mL: subgroup asphyxia +, 7.2 ± 4.8 ng/mL: subgroup asphyxia −,  
р7–10 = 0/064: reliability of the difference for 7–10 days). According to Nancy A. 
Louis, the expression of HIF-1 under hypoxic conditions and early reperfusion after 
ischemia triggers a physiological response characterized by the activation of func-
tional mucus proteins, such as trefoil factor and P glycoprotein, aimed at preventing 
inflammatory processes in the intestine [9, 23].

At the same time, the level of secreted mucin does not increase in response to 
hypoxia (Figure 2); on the contrary, in newborns exposed to acute hypoxia, the level of 
Mucin-2 (MUC2), although not significantly, was slightly lower than that in the other 
two groups (14.83 ± 9.0 ng/mL: subgroup asphyxia +, 16.82 ± 0.7 ng/mL: subgroup 
asphyxia −, р1–3 = 0.16: reliability of the difference for 1–3 days, 10.58 ± 1.4 ng/mL: 
subgroup asphyxia +, 16.67 ± 1.4 ng/mL: subgroup asphyxia −, р7–10 = 0.06: reliability of 
the difference for 7–10 days).

The level of plasma L-FABP in newborns prone to asphyxia was 1.5 times lower 
than that in newborns of Group 2 (Figure 2) and did not differ from that of the 
Control group (1.94 ± 0.5 ng/mL: subgroup asphyxia +, 2.94 ± 0.5 ng/mL: subgroup 
asphyxia − for 1–3 days, 1.34 ± 0.2 ng/mL: subgroup asphyxia +, 2.15 ± 0.3 ng/mL: 
subgroup asphyxia − for 7–10 days). In general, on days 1–3 and 7–10, no significant 

Figure 1. 
The levels of serum LBP (A, ng/ml) and urine IFABP (B, ng/ml) of newborns in asphyxia in 1–3 and 7–10 days 
of life (DOL).
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differences in relation to this indicator were found between the studied groups 
(р1–3 = 0.172: value of difference for 1–3 days, р7–10 = 0.098: reliability of the difference 
for 7–10 days).

Despite chronic hypoxia and weakness of autoregulation in the GIT and kidneys 
compared to other vascular pools, the liver, due to its blood supply from two sources, 
is better protected from hypoxia and ischemia. Thus, newborns with a low birth 
weight prone to acute birth asphyxia are characterized by a high detection rate of 
organ and systemic disorders of posthypoxic origin. The obtained results showed 
that perinatal hypoxia initiates processes leading to an increase in the permeability 
of cell membranes, neuronal death due to necrosis or apoptosis, disruption of the 
integrity of the blood–brain barrier structure, and entry of brain antigens into 

Figure 2. 
The levels of ITF (A, ng/ml), MUC2 (B, ng/ml), and LFABP (C, ng/ml) in peripheral blood of newborns in 
asphyxia in 1–3 and 7–10 days of life (DOL).
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systemic circulation, stimulating the immune system to produce antibrain antibodies. 
Disorders of the systemic and peripheral circulation, disorders of oxygen uptake, and 
delivery to tissues accompanying perinatal asphyxia develop a number of pathophysi-
ological and pathobiochemical cascades that lead to secondary damage to the intes-
tines and kidney parenchyma.

3.  Endothelial dysfunction and the formation of the functional status 
of the intestinal mucosal barrier in newborns with a low birth weight 
prone to perinatal hypoxia

Endothelial dysfunction against the background of hypoxia and ischemia is 
accompanied by central nervous system lesions as well as dysfunctions of peripheral 
organs and systems [24, 25]. Visceral hypoperfusion is accompanied by the activa-
tion of indigenous microflora, damaging the immature intestinal barrier. Loss of the 
intestinal barrier can lead, due to the resorption of endotoxins, bacteria, and other 
substances, to systemic inflammatory reaction syndrome, remote organ damage, and 
multiple organ failure [26]. Considering the above, the purpose of this study was to 
determine the effect of endothelial dysfunction on the levels of markers, reflecting 
the functional state of the digestive system in newborns with a low birth weight with 
perinatal hypoxia.

Neurons and glial cells, whose need for energy supply is higher than that of all other 
cells of the body, are the first to suffer under conditions of oxygen deficiency. In this 
study, the biochemical marker of the destruction of nerve cells and the permeability of 
the blood–brain barrier in newborns of Group 1 and 2 significantly exceeded the indica-
tors of the Control group on days 1–3 and 7–10 of life (Figure 3). The highest values 
of this marker are typical for newborns prone to acute birth asphyxia. Degradation of 
NMDA receptors as a result of neurotoxicity, assessed by the level of antibodies to NR2, 
in newborns of Group 1 significantly differed from the indicators of the Control group 

Figure 3. 
The blood concentrations of NR2 (A, ng/ml), NSE (B, ng/ml), NO (C, ng/ml), and ET-1 (D, ng/ml) in 
infants with hypoxic–ischemic encephalopathy in 1–3 and 7–10 days of life (DOL). *Significance of difference in 
comparison with control infants; significance of difference in comparison with second group.
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for both the first and second measurements, although a significant difference between 
Groups 1 and 2 was not found. This may be due, on the one hand, to the peculiarities 
of the immune response of immature newborns, which significantly predominate in 
the group subject to acute birth asphyxia. On the other hand, a longer period of time 
is required for the formation of ischemia foci and the accumulation of antibodies to 
glutamate receptors. The dynamics of the content of vasoregulatory markers in the 
peripheral blood in the studied groups are also shown in Figure 3. Both Group 1 and 
2 were characterized by high concentrations of NO, while a significant difference in 
relation to this indicator was found between Group 1 and the Control group. Despite the 
level of endothelin-1 being initially high in both groups subject to chronic intrauterine 
hypoxia, in the group of newborns with acute asphyxia, the content of this marker 
sharply decreased toward the end of the perinatal period.

Violation of the vasoregulatory function of the vascular endothelium, manifested 
by a low level of endothelin-1 against the background of a high concentration of NO, 
in chronic intrauterine hypoxia complicated by acute birth asphyxia, being a causative 
factor in reducing blood pressure, leads to tissue ischemia. Visceral hypoperfusion 
in children with perinatal asphyxia is the leading cause of abdominal complications. 
Ischemia triggers a vicious circle of damage to the gastrointestinal mucosa and serves 
as a trigger for the formation of multiple organ failure [27]. The level of the intestinal 
ischemia marker I-FABP in newborns of Group 1 and 2 did not significantly exceed 
that of the Control group in the first days of life; however, it almost doubled in 
dynamics and differed significantly from the level of healthy infants (Figure 4).

Due to damage to the intestinal mucosa, failure of defense mechanisms, and 
overgrowth of Gram-negative intestinal flora, colonizing bacteria penetrate the 
mesenteric lymph nodes and systemic circulation (bacterial translocation) [28]. 
Violation of the intestinal barrier function, even in the absence of bacteremia, leads to 
portal and systemic endotoxemia, which serves as a trigger for a hypermetabolic and 
immunoinflammatory response [29]. The level of plasma L-FABP in newborns subject 
to asphyxia was 1.5 times lower than that in newborns of Group 2 and did not differ 
from that in the Control group. In general, on days 1–3 and 7–10, no significant dif-
ferences in relation to this indicator were found between the studied groups. Despite 
chronic hypoxia and weakness of autoregulation in the GIT and liver compared to 
other vascular pools, the liver, due to its blood supply being from two sources, is 
better protected from hypoxia and ischemia. As can be seen in Figure 4, in newborns 
of Group 2, ischemia of the intestinal wall was accompanied by a high concentration 
of the marker of antiendotoxin immunity. In children in Group 1, the level of LBP 
was significantly lower than that in Group 2, indicating the failure of immune defense 
mechanisms in acute asphyxia that developed against the background of chronic 
intrauterine hypoxia.

Juli M. Richter et al. indicated an improvement in the processes of regeneration of 
the intestinal epithelium susceptible to LPS attack after intraperitoneal administra-
tion of LBP at high concentrations [14]. The physiological increase in the level of this 
marker in newborns of the Control group was due to intestinal colonization, contact 
with bacteria, colostrum components, or postpartum maturation of the liver [30]. 
The concentration of ITF, which stabilizes intestinal mucus and attenuates damage 
to the intestinal barrier, in newborns of Group 1 exceeded that of healthy newborns 
and infants in Group 2 (Figure 5). This difference was significant only for the Control 
group. Despite the decrease in this marker in dynamics, its content continued to 
exceed the indicators of the other two groups. According to Nancy A. Louis, HIF1 
expression under hypoxic conditions and early reperfusion after ischemia trigger a 



127

Endothelial Dysfunction and Intestinal Barrier Injury in Preterm Infants with Perinatal Asphyxia
DOI: http://dx.doi.org/10.5772/intechopen.110352

physiological response characterized by the activation of functional mucus proteins, 
such as trefoil factor and P glycoprotein, aimed at preventing inflammatory pro-
cesses in the intestine [23, 31]. At the same time, the level of secreted mucin does not 
increase in response to hypoxia. On the contrary, in this study, in newborns exposed 
to acute hypoxia, the level of MUC2, although not significantly, was somewhat lower 
than that of the other two groups.

Thus, newborns with a low birth weight subject to acute birth asphyxia are 
characterized by a high detection rate of organ and systemic disorders of posthypoxic 
origin. The results obtained showed that perinatal hypoxia initiated processes leading 
to an increase in the permeability of cell membranes, neuron death due to necrosis 
and/or apoptosis, disruption of the integrity of the blood–brain barrier structure, and 
entry of brain antigens into the systemic circulation, stimulating the immune system 
to produce antibrain antibodies. Involvement in the pathological process of the GIT 
is a logical outcome of severe hypoxic injury. The cause of damage to the digestive 
system is hemodynamic disturbances as a result of endothelial dysfunction, including 

Figure 4. 
The blood concentrations of IFABP (A, ng/ml), LFABP (B, ng/ml), and LBP (C, ng/ml) in infants with 
hypoxic–ischemic encephalopathy in 1–3 and 7–10 days of life (DOL). *Significance of difference in comparison 
with control infants; significance of difference in comparison with group 1.
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regional dysfunction with a decrease in blood circulation in the mesenteric arteries in 
the first minutes of life in newborns who have experienced asphyxia. Disorders of the 
systemic and peripheral circulation as well as disorders of oxygen uptake and delivery 
to tissues accompanying perinatal asphyxia result in the development of a number of 
pathophysiological and pathobiochemical cascades, leading to secondary damage to 
the GIT.

Figure 5. 
The blood concentrations of ITF (A, ng/ml) and MUC-2 (B, ng/ml) in infants with hypoxic–ischemic 
encephalopathy in 1–3 and 7–10 days of life (DOL). *Significance of difference in comparison with control 
infants.
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Chapter 9

Diabetes in Pregnancy
Olakunmi Ololade Ogunyemi, Oluwakemi Mary Agoyi-Awoniyi 
and Hassan Taiwo Yahaya

Abstract

Pregnancy is usually a joyous event for most women and their families in many 
cultures. However, in certain situations, this celebratory moment is marred by various 
maternal complications; chief among them is diabetes mellitus. Over eighty percent 
of diabetes in pregnancy is attributed to Gestational Diabetes Mellitus (GDM). 
Also, GDM presents a higher risk of affected mothers developing diabetes later in 
the future. There is a growing prevalence of GDM which necessitates the need for 
closer monitoring and more screening of pregnant women. This can be achieved by 
following set guidelines of countries and public health organisations to ensure safer 
pregnancies, safer deliveries, and healthier babies.

Keywords: gestational diabetes, diabetes in pregnancy, complications of pregnancy, 
pre-existing diabetes, management of GDM

1. Introduction

Pregnancy is usually a joyous event for most women and their families in many 
cultures. However, in certain situations, this celebratory moment is marred by various 
maternal complications; chief among them is diabetes mellitus.

Diabetes mellitus, also known as diabetes, is a metabolic disorder characterised 
by high blood glucose levels over a long period of time [1]. In pregnant women, it 
manifests as either gestational diabetes mellitus (GDM) or pre-existing diabetes [2]. 
Gestational diabetes mellitus (GDM) is defined as glucose intolerance of variable 
degree that is first discovered during pregnancy [3], while pre-existing diabetes is 
glucose intolerance existing before pregnancy.

Diabetes in pregnancy is associated with a number of poor outcomes during the 
pregnancy period, during childbirth, and the immediate postpartum period [2]. 
Infants of mothers with pre-existing diabetes mellitus also experience double the risk 
of serious injury at birth, triple the likelihood of caesarean delivery and quadruple the 
incidence of new-born intensive care unit (NICU) admission [4].

In this chapter, we’ll be exploring the prevalence of diabetes in pregnancy, the 
body’s adaptation to pregnancy, the pathophysiology of diabetes in pregnancy, associ-
ated complications, diagnostic criteria for GDM and PDM, the management of this 
condition, and recommendations to reduce its prevalence.
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1.1 Epidemiology

Statistics show that about 87–90% of diabetes in pregnancy is GDM, whereas 
10–13% is pre-existing diabetes [5]. Further data also shows that diabetes complicates 
2–45% of pregnancies across the globe, depending on the region, population charac-
teristics, and diagnostic criteria [6–8].

1.2 How the body adapts to pregnancy

In pregnancy, a woman’s body goes through significant anatomic and physiologi-
cal changes to provide the support needed to nurture the growing foetus, while still 
maintaining normal body functions required for survival [9]. Some of these changes 
are due to hormonal production before conception. These changes then consolidate 
throughout the period of pregnancy, affecting every system and organ in the woman’s 
body. For the majority of women who experience uncomplicated pregnancy, these 
changes are reversed following delivery. It is important to understand the normal 
physiologic adaptations of the body to pregnancy, so we can recognise when an abnor-
mal occurrence comes into the picture. Although the major system affected by GDM is 
the endocrine system, it is still important to explore some of the changes in the other 
systems of the body. This is because hyperglycaemia can affect multiple body systems.

1.2.1 Cardiovascular changes in pregnancy

Beginning in the first trimester, changes are seen in the cardiovascular system, with 
cardiac output increasing by 20% as early as the eighth week of gestation [10]. This is 
mediated primarily by peripheral vasodilation which produces a 25–30% fall in sys-
temic vascular resistance. To compensate for this fall, the heart increases the cardiac 
output to around 40% throughout pregnancy. This is achieved by a mix of increased 
stroke volume and heart rate. There is also a compensatory increase in plasma volume 
to about 50%, with a lesser increase in the red blood cell mass, and a fall in platelet 
count [11]. Some of these changes also lead to a hypercoagulable state in pregnancy.

Some examination findings may include collapsing pulse and murmur which may 
be erroneously interpreted as pathological.

1.2.2 Renal

There is a 40% fall in systemic vascular resistance by the sixth week of pregnancy 
which affects the renal vasculature. As a consequence of renal vasodilatation, renal 
plasma flow and glomerular filtration rate (GFR) both increase, compared to non-
pregnant levels, by 40–65% and 50–85%, respectively [12].

1.2.3 Respiratory system

The demand for oxygen increases significantly during pregnancy due to the 
increased metabolic rate [10].

1.2.4 Endocrine system

Changes occur in the endocrine system across the adrenal and thyroid glands, 
and also across the metabolic processes of the body. There is a change in how the 
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body metabolises glucose, protein and lipids. More details will be shed specifically on 
glucose metabolism further down in the chapter.

1.3 Pathophysiology of diabetes

Diabetes Mellitus develops majorly as a result of either defective insulin secretion 
from the beta cells of the pancreas or a defect in the insulin-sensitive cells which 
reduces the body’s response to the available insulin [1]. A dysfunction in any of these 
two processes leads to abnormally high glucose levels.

1.3.1 Glucose regulation in a healthy adult

The human body utilises glucose as an immediate source of energy. The optimal 
level of glucose for proper body functioning is usually about 70–100 mg/dL [13]. Any 
value below or above this range constitutes a problem. Although the body can utilise 
other fuels, like protein and fat, as a source of energy, the breakdown of these alterna-
tive fuels creates ketoacids which makes the body acidic. This can lead to metabolic 
acidosis—which is a non-optimal state [14].

Regulation of glucose in the blood is largely carried out by the endocrine hor-
mones in the pancreas via a process of continuous negative feedback loop. The main 
hormones involved in this process are insulin, glucagon, somatostatin and amylin. 
Insulin, formed in the beta cells of the pancreas, is the main hormone in this process 
and it lowers blood glucose levels. Conversely, Glucagon increases blood glucose 
levels. Somatostatin, produced by the pancreas’s delta cells, helps balance insulin and 
glucagon levels, while the Delta cells of the pancreas help to balance the levels of insu-
lin and glucagon. Amylin is the hormone that induces the feeling of fullness following 
a meal, thus preventing overeating.

For glucose to be utilised by the body, it is transported at a cellular level through 
the body tissues. This transportation is regulated by insulin which aids the diffusion 
rate of glucose into cells. After glucose enters the cell, it is converted to glucose-
6-phosphate which can either be used immediately or be stored as glycogen.

1.3.2 Glucose regulation during pregnancy

As earlier explained, during a healthy pregnancy, a woman’s body undergoes vari-
ous physiological changes to meet the demands of the growing foetus in her womb. 
The adaptive change that is important for glucose metabolism occurs in the metabolic 
systems. During this period the insulin sensitivity of the woman’s body varies to meet 
the requirements of pregnancy. In the early phase of gestation, insulin sensitivity 
is increased thus promoting the uptake of glucose into storage for the later part of 
pregnancy. As gestation progresses, there is a surge of several hormones including 
placental hormones, oestrogen, cortisol, placental growth hormone, placental lacto-
gen, progesterone and leptin. This surge leads to a state of insulin resistance which 
elevates blood glucose levels. This insulin-resistant state leads to the endogenous 
production of glucose via the breakdown of protein and fats, further increasing the 
level of blood glucose. The glucose is transported to the foetus via the placenta to aid 
growth in-utero.

Some evidence shows that the maternal body compensates for this state of 
resistance through hypertrophy and hyperplasia of pancreatic beta-cells to produce 
more insulin. Placental hormones are important in this process as the maternal state 
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of insulin sensitivity is reversed after a few days following the foetus and placenta 
delivery. Gestational Diabetes often occurs when there is an imbalance in this process.

1.4 Presentation and diagnostic criteria

Diabetes in pregnancy often presents with similar symptoms as diabetes in the 
rest of the population. These symptoms include increased thirst, increased urination, 
and increased appetite. However, these symptoms may either be absent in pregnancy 
or falsely attributed to pregnancy symptoms thus the diagnosis may be overlooked. 
Typically, diabetes in pregnancy goes undiagnosed until blood glucose is checked at 
antenatal visits.

It is important to note that pregnant women who are categorised as ‘low-risk’ do 
not require glucose testing. However, this category is limited to women who meet all 
the following criteria:

• Age lesser than 25 years.

• Normal weight before pregnancy.

• Member of an ethnic group with a low prevalence of GDM.

• No known history of diabetes in first-degree relatives.

• No personal history of abnormal glucose tolerance.

• No personal history of poor obstetric outcomes.

1.4.1 Risk factors for DM

There are certain factors that predispose pregnant women to a higher risk of GDM. 
Some of these include [15]:

1. Obesity, particularly severe obesity.

2. First-degree relatives living with type 2 DM.

3. Medical history of GDM, or delivery history of large for gestational age (LGA) 
infant.

4. Polycystic ovarian syndrome (PCOS).

5. Recurrent glycosuria positive result.

It should be noted that screening for GDM usually occurs between weeks 24–28—
second or third trimester—of the gestational period. As such, high levels of glucose 
seen in the first trimester are often grouped as pre-pregnancy diabetes.

1.4.2 Risk factors for GDM

Pregnant women in this category are at a higher risk of developing GDM [15]:
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1. Factors with the pregnant woman:

• 35 years old or older;

• overweight or obese prior to pregnancy;

• personal history of impaired glucose tolerance;

• Polycystic Ovarian Syndrome (PCOS)

2. A family history of diabetes

3. Abnormal pregnancy and/or delivery history:

• unexplained foetal death, stillbirth or miscarriage;

• foetal macrosomia;

• foetal malformations;

• polyhydramnios;

• Gestational Diabetes Mellitus (GDM)

4. Conditions in present pregnancy:

• large for gestational age;

• polyhydramnios;

• recurrent vulvovaginal candidiasis

1.4.3 Diagnostic criteria

Normal blood glucose levels range from 70 mg/dL (3.9 mmol/L) to 100 mg/dL 
(5.6 mmol/L). When the fasting blood glucose (FBG) is between 100 and 125 mg/dL 
(5.6–6.9 mmol/L), changes in lifestyle and monitoring glycaemia are recommended 
[13]. However, when the fasting blood glucose is 126 mg/dL (7 mmol/L) or higher 
on two separate occasions, a diagnosis of diabetes mellitus is made. The diagnostic 
standard cut-off point for diagnosing GDM is the 50-g Glucose Challenge Test with 
≥7.8 mmol/L (140 mg/dl) as the cut-off point [15].

1.4.3.1 Diagnosis of pregnancy complicated by DM

Diagnosis for pregnancy complicated by DM can be diagnosed when any of these 
conditions exist [15]:

1. Glycosylated haemoglobin A1c (GHbA1c) ≥6.5%);

2. FPG ≥7.0 mmol/L (126 mg/dl);
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3. 2-hour OGTT≥11.1 mmol/L (200 mg/dl);

4. Classic signs of hyperglycaemia or hyperglycaemic crises symptoms, meanwhile 
random plasma glucose ≥11.1 mmol/L (200 mg/dl)

1.4.3.2 Diagnostic standard for GDM

The Oral Glucose Tolerance Test (OGTT) is the gold standard for diagnosing 
GDM. The procedure involves eating a balanced diet containing at least 150 g of car-
bohydrates per day for 3 days prior to the test, which is followed by a period of fasting 
(no ingestion of any food) for 8 to 14 hours before the test.

The first blood sample is taken by 9 a.m. for measurement of the fasting blood 
glucose. After that, the patient is given a drink of 75-g glucose load (75-g glucose 
dissolved in 300 ml of water, consumed within 5 minutes). Following the ingestion of 
the glucose solution, blood samples are taken at 1 and 2-hour intervals to measure the 
blood glucose levels post-ingestion. During the waiting period, smoking, eating, or 
drinking any other fluids is prohibited.

1.4.3.3 Diagnostic approaches***

The American College of Obstetricians and Gynaecologists recommends a two-
step procedure for diagnosing GDM [3, 15]. If after 1 hour the blood glucose level is 
more than 7.8 mmol/L (140 mg/dL), a 100 g dose of glucose is given. The diagnosis of 
gestational diabetes is thus defined by a blood glucose level meeting or exceeding the 
cut-off values of at least two intervals:

• Before glucose intake (fasting): 5.3 mmol/L (95 mg/dL).

• 1 hour post-consumption of glucose solution: 10.0 mmol/L (180 mg/dL).

• 2 hours post-consumption of glucose solution: 8.6 mmol/L (155 mg/dL).

• 3 hours post-consumption of glucose solution: 7.8 mmol/L (140 mg/dL).

One-step approach: a diagnostic 75-g OGTT is performed at the 24th–28th 
week of gestation without the prior 50-g GCT screening. The one-step approach 
can be applied to high-risk pregnant women with GDM, or pregnant women 
not previously diagnosed with overt diabetes in well-conditioned medical 
institutions.

Two-step approach: measure FPG (step 1). If FPG ≥5.1 mmol/L, GDM can 
be diagnosed; if 4.4 mmol/L ≤ FPG <5.1 mmol/L, diagnostic 75-g OGTT (step 2) 
is followed to diagnose GDM. Or perform an initial screening by measuring the 
plasma or serum glucose concentration after a 50-g GCT (step 1) and perform a 
diagnostic OGTT (step 2) on that subset of women exceeding the glucose thresh-
old value on the GCT. If 50-g GCT ≥11.1 mmol/L, FPG is performed to diagnose 
GDM; if the FPG value is normal, 75-g OGTT should be performed as soon as 
possible.

The cut-off points of glucose values of 75-g OGTT: 0 h, 5.1 mmol/L; 1 hour, 
10.0 mmol/L; 2 hours, 8.5 mmol/L. The diagnosis of GDM can then be made when 
any one value is met or exceeded.
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1.5 Complications of diabetes in pregnancy

Diabetes in pregnancy is associated with a number of complications in the mother 
and unborn foetus [16]. These complications can also extend beyond the duration 
of pregnancy. These complications can be divided into maternal complications and 
foetal complications.

1.5.1 Maternal complications

1.5.1.1 Miscarriage

Statistics show that women with PDM have a 9–14% rate of miscarriage [16]. 
Available data further suggests that there is a strong association between the degree 
of glycaemic control before pregnancy and the rate at which miscarriage occurs in 
women with PDM. In cases of more long-standing disease (>10 years) with poor 
control, the miscarriage rates can reach as high as 44%. Thankfully, the miscarriage 
rate normalises when glycaemic control is optimal.

1.5.1.2 Progression to chronic diabetes mellitus

In ideal conditions, GDM resolves after birth with glucose levels reverting to nor-
mal without further treatment. However, studies also show that women with GDM 
have a 16-year cumulative incidence of diabetes (60%) following the initial diabetic 
episode in pregnancy [17].

1.5.1.3 Predisposition to other complications of pregnancy

DM in pregnancy increases the risk of the mother developing other pregnancy 
complications such as pregnancy-induced hypertension, premature rupture of 
membranes, haemorrhage in the antepartum or postpartum period, and other pos-
sible complications [18]. Compared with women who do not have GDM, women with 
GDM have a higher risk of delivery by caesarean section.

1.5.2 Foetal complications

1.5.2.1 Premature delivery

Babies of mothers with GDM are at a higher risk of being born before the esti-
mated due date, leading to premature delivery [19, 20].

1.5.2.2 Problems at delivery

These babies are also more likely to have several problems at birth ranging from 
macrosomia, small for date, foetal distress, hypoglycaemia, shoulder dystocia, birth 
asphyxia among others [19–21].

1.5.2.3 Birth defects

There is also a higher likelihood of such babies being born with birth defects and 
also having a higher risk of congenital heart diseases compared to the rest of the 
population [21].
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1.5.2.4 Obesity and DM in future

The effects of being born to a mother with GDM can very well linger beyond infancy 
and childhood, predisposing the individual to a risk of obesity and DM later in life.

2. Social determinants and effects of gestational diabetes outcomes

DM as a leading cause of NCD morbidity and mortality, especially in the vulner-
able state of pregnancy has varying effects on the mother and developing child. 
Furthermore, as one of the most common metabolic disorders in pregnancy, its 
effects transcend into different aspects of maternal and neonatal health and wellbe-
ing, including the public health space.

Some of these effects on mothers’ health and physical wellbeing are hypergly-
caemia, possible preeclampsia, high-risk delivery of a macrosomic baby; and if 
unmanaged, altered sensorium, eclampsia, obstetric problems and possible mortality. 
Likewise, different health complications of diabetes worsened by pregnancy include 
diabetic neuropathy, diabetic nephropathy, diabetic retinopathy, and diabetes-
induced heart disease, i.e., cardiomyopathy, heart failure, ischemic heart disease and 
coronary heart disease. Some of these effects and complications are irreversible and 
take a strain on the financial and mental well-being of the pregnant woman and fam-
ily involved. These complications can increase the direct or indirect cost of adequate 
care—with more time spent in the health care facility—which might have a poor 
prognosis among LSE women in rural areas, also worsening the maternal morbidity 
and mortality indices [21, 22].

Effects on foetal growth in-utero such as intrauterine growth retardation, and 
malformation of developing organs and systems in babies (also referred to as diabetic 
embryopathy), usually occurring in the first and second trimester, can lead to anxi-
ety, depression and different types of miscarriage for the pregnant women. These 
foetal malformations are mostly found in the central nervous and cardiovascular sys-
tems, and sometimes with craniofacial defects. Common examples are Microcephaly, 
Meningomyelocele, Tetralogy of Fallot, persistent truncus arteriosus, Hypoplastic left 
or right heart syndrome, septal defects (Atrioventricular), Microphthalmia, Cleft lip/
palate, Hemifacial microsomia and other neural tube defects [21].

Other effects surrounding delivery or occurring postnatally are preterm delivery, 
prematurity, low birth weight, other perinatal morbidities, neurodevelopmental 
abnormalities causing mental and psychomotor disabilities such as increased chances 
of Attention Deficit Hyperactivity Disorder (ADHD), gross and fine motor anoma-
lies, learning difficulties (especially in speech and language), Autism Spectrum 
Disorder with possible brain damage, as well as perinatal mortality in the delivered 
neonates. The underlying metabolic processes that result in these effects could be 
associated with maternal hyperglycaemia causing increased oxidative stress, hypoxia, 
apoptosis, and epigenetic or metabolic changes in developing foetuses [21].

The socio-economic, health-economic, and psychosocial cost of these outcomes 
on the new mother, caregivers, healthcare professionals, family, society, and the 
entire population at large, is significantly wide and demanding with features of 
reduced productivity and preventable resource allocation for more judicious use. 
These also contribute to neonatal or under 5 morbidity and mortality figures. 
However, other cumulative factors that contribute to the actualization of these effects 
and their progress into complications for both mother and child vary from genetics 



141

Diabetes in Pregnancy
DOI: http://dx.doi.org/10.5772/intechopen.108564

to diet, or nutrition (especially breastfeeding infants for positive effect and develop-
ment), compliance and environmental exposure [21].

3. Management

Management of GDM and PDM involves a variety of procedures. To start with, 
regular monitoring is important. Prevention and a combination of medication and 
lifestyle intervention have proven to obliterate or slow down the maternal and neona-
tal effects or complications of diabetes in pregnancy. During antenatal care in preg-
nancy; regular clinical checks on glycaemic control and other associated morbidities 
such as hypertension, preventive measures including dietary counselling, physical 
activity for adequate weight control, early identification of risk for complications 
from diabetes and constant communication with the pregnant woman on her current 
health state and the foetus are important [21, 23].

In most cases, the therapeutic management of GDM is with insulin therapy as oral 
hypoglycemic agents have not been proven to be safe due to concerns about potential 
teratogenicity and transport of glucose across the placenta [24, 25].

3.1 Monitoring

• Maternal metabolic surveillance should be directed at detecting hyperglycaemia 
severe enough to increase risks to the foetus. Daily self-monitoring of blood 
glucose (SMBG) appears superior to intermittent office monitoring of plasma 
glucose [26]. However, this will be initiated for those with a high risk of GDM or 
those already diagnosed with GDM.

• Glucose is found in the urine of over half of pregnant women, as such routine 
urine glucose checks may not be useful in GDM [27]. Any positive urine test 
result should be followed up with a blood glucose test.

• For women treated with insulin, limited evidence indicates that postprandial 
monitoring is superior to pre-prandial monitoring [28]. However, the success of 
either approach depends on the glycaemic targets that are set and achieved.

• Maternal surveillance should include blood pressure and urine protein monitor-
ing to detect hypertensive disorders.

• Increased surveillance for pregnancies at risk for foetal demise is appropriate.

• The initiation, frequency, and specific techniques used to assess foetal well-being 
will depend on the cumulative risk the foetus bears from GDM and any other 
medical/obstetric conditions present.

• Early assessment for asymmetric foetal growth by ultrasonography, may aid in 
identifying foetuses that can benefit from maternal insulin therapy [29].

Likewise, for curative measures and at delivery, strict glycaemic surveillance 
and control with appropriate medications, monitored labour management and 
are the keystone of perinatal care for expectant mothers with diabetes, while new 
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treatments/remedies for/that would benefit mother and child and prevent effects or 
complication of this state are continuously being worked on in the clinical and social 
settings [20].

3.2 Recommendations

In line with a globally or regionally accepted management for diabetes in 
pregnancy—a multidisciplinary team approach, multilevel healthcare system/setting, 
local policies and standardised clinical practice guidelines should be made available 
for continuation of care for both mother and child, especially in the postpartum 
period, to reduce the effect and complications of diabetes in pregnancy.

This is important because most available guidelines are made for the advanced or 
global north setting, majorly excluding point-of-contact care guidelines (asides from 
screening and referral) for basic primary or community-based healthcare centres, 
where most pregnant women first present or have their deliveries in the developing or 
global south countries. Likewise, more research work needs to be carried out on the 
social determinants of DM outcomes in mothers and babies, as it pertains to different 
localities and socio-economic classes across the globe.

4. Conclusion

GDM and PDM are important complications which can affect the pregnancy of 
different women. To ensure the appropriate management and delivery of a healthy 
child by a healthy mother, it is important to adequately screen high-risk mothers and 
implements the appropriate management strategies per guidelines.

Acknowledgements

The authors would like to thank the academic society that has done extensive work 
on investigating diabetes in pregnancy.

Conflict of interest

The authors declare no conflicts of interest.



Diabetes in Pregnancy
DOI: http://dx.doi.org/10.5772/intechopen.108564

143

Author details

Olakunmi Ololade Ogunyemi1*, Oluwakemi Mary Agoyi-Awoniyi2  
and Hassan Taiwo Yahaya3

1 OnTime Consortium, Nigeria

2 Safer Hands Initiative, Nigeria

3 Medical News Today, Nigeria

*Address all correspondence to: yemikunmi.o@gmail.com 

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Maternal and Child Health

144

References

[1] Chaya G, Eric K. Chapter 13—
Diabetes mellitus. In: Chaya G, Erik K, 
editors. Biology of Cardiovascular and 
Metabolic Diseases. Academic Press; 
2022. pp. 223-243

[2] Wilmot EG, Mansell P. Diabetes 
and pregnancy. Clinical Medicine. 
2014;14(6):80. Available from: /pmc/
articles/PMC4954145/

[3] Association AD. Gestational 
diabetes mellitus. Diabetes Care. 
2003;26(suppl_1):s103-s105. Available 
from: https://diabetesjournals.org/
care/article/26/suppl_1/s103/21729/
Gestational-Diabetes-Mellitus

[4] Metzger BE, Lowe LP, Dyer AR, 
Chaovarindr U, Hospital R, Coustan DR, 
et al. Hyperglycaemia and adverse 
pregnancy outcomes. New England 
Journal of Medicine. 2008;358(19):1991-
2002. Available from: https://www.nejm.
org/doi/full/10.1056/NEJMoa0707943

[5] Chowdhury SR, Kamal AHM, Barua S, 
Ullah SMA. (PDF) The management of 
pre-existing diabetes in pregnancy : A 
review for primary care. Journal of Army 
Medical College Jashore. 2020;1(1):21-
31. Available from: https://www.
researchgate.net/publication/338828819_
The_Management_of_Pre-Existing_
Diabetes_in_Pregnancy_A_Review_for_
Primary_Care

[6] Muche AA, Olayemi OO, Gete YK. 
Prevalence and determinants of 
gestational diabetes mellitus in Africa 
based on the updated international 
diagnostic criteria: A systematic review 
and meta-analysis. Archives of Public 
Health. 2019;77(1):1-20. Available 
from: https://archpublichealth.
biomedcentral.com/articles/10.1186/
s13690-019-0362-0

[7] Koo BK, Lee JH, Kim J, Jang EJ, 
Lee CH. Prevalence of gestational 
diabetes mellitus in korea: A national 
health insurance database study. PLoS 
One. 2016;11(4):e0153107. Available 
from: https://journals.plos.org/plosone/
article?id=10.1371/journal.pone.0153107

[8] Melchior H, Kurch-Bek D, Mund M. 
The prevalence of gestational diabetes: 
A population-based analysis of a 
nationwide screening program. 
Deutsches Ärzteblatt International. 
2017;114(24):412. Available from: /pmc/
articles/PMC5499505/

[9] Lockitch G. Clinical biochemistry of 
pregnancy. Critical Reviews in Clinical 
Laboratory Sciences. 1997;34(1):67-139. 
Available from: https://pubmed.ncbi.
nlm.nih.gov/9055057/

[10] Soma-Pillay P, Nelson-Piercy C, 
Tolppanen H, Mebazaa A. Physiological 
changes in pregnancy. Cardiovascular 
Journal of Africa. 2016;27(2):89. Available 
from:/pmc/articles/PMC4928162/

[11] Rodger M, Sheppard D, Gándara E, 
Tinmouth A. Haematological problems 
in obstetrics. Best Practice & Research. 
Clinical Obstetrics & Gynaecology. 
2015;29(5):671-684. Available 
from:https://pubmed.ncbi.nlm.nih.
gov/25819750/

[12] Wilson M, Morganti AA, 
Zervoudakis I, Letcher RL, Romney BM, 
von Oeyon P, et al. Blood pressure, 
the renin-aldosterone system and sex 
steroids throughout normal pregnancy. 
The American Journal of Medicine. 
1980;68(1):97-104. Available from: https://
pubmed.ncbi.nlm.nih.gov/7350810/

[13] Mean Fasting Blood Glucose . 
Available from: https://www.who.int/



Diabetes in Pregnancy
DOI: http://dx.doi.org/10.5772/intechopen.108564

145

data/gho/indicator-metadata-registry/
imr-details/2380

[14] Dhillon KK, Gupta S. Biochemistry, 
Ketogenesis. StatPearls. 2022. Available 
from: https://www.ncbi.nlm.nih.gov/
books/NBK493179/

[15] Yang HX. Diagnostic criteria for 
gestational diabetes mellitus (WS 
331-2011). Chinese Medical Journal. 
2012;125(7):1212-1213. Available 
from: https://journals.lww.com/cmj/
Fulltext/2012/04010/Diagnostic_
criteria_for_gestational_diabetes.4.aspx

[16] Moore TR. Diabetes Mellitus and 
Pregnancy 2022 . Available from: 
https://emedicine.medscape.com/
article/127547-overview

[17] O’Sullivan JB. Establishing criteria 
for gestational diabetes. Diabetes 
Care. 1980;3(3):437-439. Available 
from: https://pubmed.ncbi.nlm.nih.
gov/7389559/

[18] Ornoy A, Reece EA, Pavlinkova G, 
Kappen C, Miller RK. Effect of maternal 
diabetes on the embryo, foetus, and 
children: Congenital anomalies, 
genetic and epigenetic changes and 
developmental outcomes. Birth Defects 
Research. Part C, Embryo Today. 
2015;105(1):53-72. Available from: 
https://onlinelibrary.wiley.com/doi/
full/10.1002/bdrc.21090

[19] Muche AA, Olayemi OO, Gete YK. 
Effects of gestational diabetes mellitus 
on risk of adverse maternal outcomes: A 
prospective cohort study in Northwest 
Ethiopia. BMC Pregnancy and 
Childbirth. 2020;20(1):1-13. Available 
from: https://bmcpregnancychildbirth.
biomedcentral.com/articles/10.1186/
s12884-020-2759-8

[20] Zhuang W, Lv J, Liang Q , Chen W, 
Zhang S, Sun X. Adverse effects of 

gestational diabetes-related risk factors 
on pregnancy outcomes and intervention 
measures. Experimental and Therapeutic 
Medicine. 2020;20(4):3361. Available 
from: /pmc/articles/PMC7444321/

[21] Mitanchez D. Foetal and neonatal 
complications in gestational diabetes: 
perinatal mortality, congenital 
malformations, macrosomia, shoulder 
dystocia, birth injuries, neonatal 
complications. Diabetes & Metabolism. 
2010;36(6 Pt 2):617-627. Available 
from: https://pubmed.ncbi.nlm.nih.
gov/21163425/

[22] Narchi H, Kulaylat N. Heart disease 
in infants of diabetic mothers. Images 
in Paediatric Cardiology. 2000;2(2):17. 
Available from:/pmc/articles/
PMC3232483/

[23] Daley B, Hitman G, Fenton N, 
Mclachlan S. Assessment of the 
methodological quality of local clinical 
practice guidelines on the identification 
and management of gestational diabetes. 
BMJ Open. 2019;9(6):e027285. Available 
from: https://bmjopen.bmj.com/
content/9/6/e027285

[24] Muhwava LS, Murphy K, 
Zarowsky C, Levitt N. Policies and 
clinical practices relating to the 
management of gestational diabetes 
mellitus in the public health sector, 
South Africa - A qualitative study. 
BMC Health Services Research. 
2018;18(1):1-16. Available from: https://
bmchealthservres.biomedcentral.com/
articles/10.1186/s12913-018-3175-x

[25] Turok DK, Ratcliffe SD, Baxley EG. 
Management of gestational diabetes 
mellitus. American Family Physician. 
2003;68(9):1767-1773

[26] Kirk JK, Stegner J. Self-monitoring 
of blood glucose: Practical aspects. 
Journal of Diabetes Science and 



Maternal and Child Health

146

Technology. 2010;4(2):435-439. 
DOI: 10.1177/193229681000400225

[27] Alto WA. No need for glycosuria/
proteinuria screen in pregnant women. 
The Journal of Family Practice. 
2005;54(11):978-983

[28] de Veciana M, Major CA, 
Morgan MA, Asrat T, Toohey JS, Lien JM, 
et al. Postprandial versus preprandial 
blood glucose monitoring in women 
with gestational diabetes mellitus 
requiring insulin therapy. The 
New England Journal of Medicine. 
1995;333(19):1237-1241. DOI: 10.1056/
NEJM199511093331901

[29] Brand JS, West J, Tuffnell D, et al. 
Gestational diabetes and ultrasound-
assessed fetal growth in South Asian and 
White European women: Findings from 
a prospective pregnancy cohort. BMC 
Medicine. 2018;16:203. DOI: 10.1186/
s12916-018-1191-7



147

Chapter 10

Preterm Birth and Postnatal 
Developmental Outcomes
Jamila Gurbanova, Saadat Huseynova and Afat Hasanova

Abstract

Premature birth is a pathological condition that requires high-quality medical 
care due to the infants’ low body mass and gestational age, as well as morpho-
functional immaturity. Moreover, such children are at great risk for retardation of 
mental development; metabolic, cardiovascular, and malignant diseases; and many 
other health problems at a later age. Early and late complications of preterm birth 
depend significantly on the gestational age at birth and the intrauterine development 
conditions of the fetus. Due to the more severe and complicated course of perinatal 
pathologies, premature babies with fetal growth retardation syndrome constitute a 
larger risk group. Approximately 50–70% of these children receive long-term treat-
ment in the neonatal intensive care unit after birth. Furthermore, 70% of them face 
behavioral and memory problems in later life. While the pathologies of the neonatal 
period in children born prematurely are mainly related to respiratory, gastrointesti-
nal, neurological, and nutritional problems, the complications of premature birth are 
manifested in children’s early age, preschool, school, adolescence, and other develop-
mental periods.

Keywords: preterm birth, neurodevelopmental disorders, perinatal encephalopathy, 
brain injury, perinatal prognostic indicators

1. Introduction

Premature birth is a pathological condition that requires high-quality medical care 
due to the infants’ low body mass and gestational age, as well as morphofunctional 
immaturity. Moreover, such children are at great risk for retardation of mental devel-
opment; metabolic, cardiovascular, and malignant diseases; and many other health 
problems at a later age [1, 2]. Early and late complications of preterm birth depend 
significantly on the gestational age at birth and the intrauterine development condi-
tions of the fetus [3, 4]. Due to the more severe and complicated course of perinatal 
pathologies, premature babies with fetal growth retardation syndrome constitute a 
larger risk group. Approximately 50–70% of these children receive long-term treat-
ment in the neonatal intensive care unit after birth. Furthermore, 70% of them face 
behavioral and memory problems in later life [5, 6].

Children with extreme small mass comprise a significant risk group due to devel-
opmental and behavioral anomalies. The main problems faced by these children in the 
neonatal period are related to nutrition and infection [7]. Thus, not only satisfying 
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the energy demand, but also the oral and parenteral intake of the necessary nutrients 
and microelements leads to the prevention of a number of psychosocial problems at 
later ages [8, 9]. Additionally, the correct use of antibiotics, the timely implementa-
tion of measures to protect against hospital bacterial strains, and the minimization 
of damage to the integrity of the skin and mucous membranes lead to the reduction 
of infectious complications [10, 11]. One of the factors leading to the violation of 
early adaptation in children born prematurely is the immaturity of the painful stimuli 
response. It is believed that because gestational age and the degree of morphofunc-
tional maturity of the body are low, the cumulative reaction formed in the body 
against pain stimulus causes not only behavioral disorders but also dysfunctional 
changes in all organs and systems [12, 13].

Premature birth is the most important medical and social problem of modern 
times, accounting for 12% of all live births [14]. The rate of prematurity in child 
mortality varies according to the level of neonatal care in a given region [15]. 
According to the Institute of Children’s Health and Development, this problem 
ranks first among causes of child mortality in the African-American zone and 
second in the Caucasian zone [15, 16]. Despite the improvement of preventive and 
treatment measures in this field, the fact that the frequency of premature birth is 
increasing all over the world can be explained by the low level of neonatal care in 
some regions and the increase in the number of multi-fetal pregnancies as a result 
of the widespread use of assisted reproductive technologies in developed countries 
[17, 18]. Statistical studies have shown that even in developed countries, pregnancy 
ending with premature birth has increased from 9 to 9.4% to 12.7–14% compared 
to the 1980s [1, 19]. An estimated 75% of the 500,000 preterm births that occur 
worldwide each year are between 34 and 36 weeks of gestational age, with 25% at 
a lower gestational age [20–22]. Studies have shown that 50% of all preterm births 
occur spontaneously without any specific cause, 40% are medically induced, and 
10% occur due to the premature rupture of fetal membranes [23].

Among the risk factors leading to premature birth, in recent years, a history of 
complicated incomplete birth, multiple pregnancy, and short cervical length have 
become increasingly relevant. It is believed that women whose previous pregnancies 
ended prematurely have a higher risk of stillbirth. The recurrent risk depends on the 
gestational age of the child born during the previous pregnancy and the number of 
premature births in the history of the woman. Thus, in 50–70% of cases, incomplete 
birth is repeated at the same gestational age. As well, the risk of repeated preterm 
birth is 16% in women who have given birth to one child at a gestational age of less 
than 35 weeks and 41–67% in women who have had multiple pregnancies [24, 25]. 
Due to the widespread use of assisted reproductive technologies, the number of 
multiple pregnancies has increased significantly in the last 20 years. Although in 
vitro fertilization is more successful at achieving and sustaining pregnancy, most 
twin and multiple pregnancies result in preterm birth [26, 27]. A number of studies 
have confirmed the association of short cervix size with preterm birth. Some authors 
have even proposed predicting the time of childbirth based on this indicator [28, 29]. 
Randomized clinical trials have shown that vaginal progesterone treatment to reduce 
the risk of premature termination of pregnancy with short cervical length had a posi-
tive effect in 45% of cases [25, 30].

Investigations into the possible causes of spontaneous births have found that the 
intrauterine inflammatory process, mother’s psychosocial stress, fetal psychological 
stress, uterine overstretching, and uterine bleeding are of significant note [31–34]. 
These causes manifest themselves with different frequency depending on the duration 
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of pregnancy. For example, births stimulated by intrauterine bacterial colonization 
usually occur at a gestational age of less than 34 weeks, while pregnancies that end 
due to psychosocial problems occur at a gestational age of 34–36 weeks. Preeclampsia, 
fetal distress, and retardation of fetal development are the main pregnancy patholo-
gies that cause premature birth. According to the data of the International Institute for 
Child Health and Development, 40% of premature births due to medical intervention 
are related to women with preeclampsia [35–37]. Premature rupture of fetal mem-
branes occurs mainly as a result of exacerbation of chronic inflammation, account-
ing for 21% and 8% of early and late preterm births, respectively [38]. Studies have 
shown that placental inflammation caused by the impaired protective capacity of the 
antioxidant protein heme oxygenase-1 plays a fundamental role in the pathogenesis 
of both preeclampsia and the premature rupture of fetal membranes. Therefore, 
some scientific studies have been conducted on the effectiveness of drugs with heme 
oxygenase activity to prolong pregnancy when there is a risk of premature birth [39, 
40]. Parturition is a complex biological process regulated by numerous signaling 
molecules and biologically active substances from the mother, mate, and fetal tissue. 
A number of preventive measures are implemented to identify and prevent the risk 
of premature birth. Studies have shown that the placental corticotropin-releasing 
hormone is the main endocrine mediator of preterm labor [41, 42]. Determination 
of this factor in pregnancies with a gestation period of less than 33 weeks can be a 
prognostic indicator of the level of fetal development and premature birth [43–45]. 
In recent years, the use of special portable monitors that monitor children’s activity at 
home has been proposed, but this method is not widely used due to the high economic 
costs required. The dynamic monitoring of women to prevent any problems that may 
occur during pregnancy, tocolytic therapy to reduce uterine contractions if necessary, 
and antibiotic therapy in case of infectious complications are believed to be more 
effective. Of course, since women whose previous pregnancies ended in premature 
birth are at greater risk, they should be monitored more actively. The most successful 
results in the prevention of recurrent premature births have been obtained via the 
administration of 12 alpha-hydroxyprogesterone injections. Thus, prescribing this 
drug to women whose previous pregnancies ended in premature birth at 16–20 weeks 
of gestation significantly reduces the risk of premature birth [46–48].

Fetal inflammatory response is the main pathogenetic link to preterm birth. The 
process is due to the influence of microorganisms and is accompanied by chorio-
amnionitis, funisitis, or intraamnial inflammation [49, 50]. Acute intraventricular 
hemorrhage, periventricular leukomalacia (PVL), necrotic enterocolitis, broncho-
pulmonary dysplasia, myocardial dysfunction, and sepsis are more common during 
the inflammatory process of the fetoplacental system [51–54]. During the fetal 
inflammatory response, preterm birth is associated with the effects of cytokines, 
matrix metalloproteinases, and prostaglandins. In cases of high bacterial coloniza-
tion, the levels of TNF-α, IL-6, and IL-8 in umbilical cord blood increase signifi-
cantly [55, 56]. The main clinical manifestations of inflammatory changes that lead 
to premature birth are uterine prolapse, changes in the cervix, and the premature 
rupture of the fetal membranes. Unfortunately, during the inflammatory process 
occurring in the fetoplacental system, the risk of similar inflammation in the moth-
er’s body is very low. Therefore, it is not possible to predict preterm birth based on 
the inflammatory indicators in the peripheral blood of pregnant women. The cultiva-
tion of microbial colonization determined during the examination of the contents 
taken from the birth canal also does not provide an idea of   the level of intraamniotic 
inflammation [32, 57, 58]. The decrease in the probability of premature birth against 
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the background of antibiotic therapy is also explained by the inhibition of the bacte-
rial infectious process due to the effect of antibacterial drugs [59]. However, there 
are conflicting and controversial opinions on the use of antibiotic therapy to reduce 
the probability of premature termination of pregnancy [60–62]. A group of stud-
ies has shown that routine treatment of asymptomatic microbial invasion reduces 
perinatal morbidity and mortality but has no effect on the incidence of preterm birth 
[63–65]. Other studies have shown that bacterial colonization increases the risk of 
premature birth, although it is not manifested by a specific infectious process. In 
cervical and vaginal secretions, a membrane protein called fetal fibronectin is found 
at a frequency 50 times higher in women with the possibility of premature birth 
than in those with normal pregnancies [66, 67]. The Maternal-Fetal Medicine Union 
states that the reduction of fetal fibronectin does not occur against the background of 
antibiotic therapy [68–70]. As well, despite the weakening of intrauterine coloniza-
tion against the background of antibacterial therapy, against the background of the 
use of broad-spectrum antibiotics, no significant improvement in spontaneous births 
or perinatal and neonatal outcomes has been shown [62, 70]. Therefore, for more 
accurate diagnosis and data, the contents obtained directly from the fetal membranes 
rather than from the birth canal should be examined. Elevation of IL-6 and matrix 
metalloproteinase 8 and 9 levels in amniotic fluid is also considered a more sensitive 
indicator for amniotic infection [71, 72]. However, because obtaining amniotic fluid 
is invasive and poses a risk for subsequent infection, this diagnostic method is not 
widely used. In recent years, it has been considered more appropriate to differenti-
ate inflammatory processes in the amniotic cavity, chorion, and placenta through 
vaginal cervicometry [73, 74]. Thus, when intraamniotic microbial colonization 
increases, in 80% of cases, the length of the cervix is   shortened, which is called cervi-
cal insufficiency [75–77]. This method is safer and is now widely used in predicting 
the occurrence of premature birth. Another group of studies has shown that fetal 
damage during microbial colonization depends on the activity of anti-inflammatory 
factors in the fetoplacental system. It was determined that as a result of the effect 
of oxidative stress products, the activation of specific soluble and transmembrane 
RAGE receptors occurs in macrophages, monocytes, and endothelial cells [78]. This 
directly leads to the activation of cytokine and growth factor genes [79, 80]. The 
activation of RAGE receptors during the acceleration of the inflammatory process 
have been proven to have a protective nature, causing the inhibition of inflamma-
tion [81]. Another group of studies has shown that the progress and activity of the 
inflammatory process depends on the degree of activation of the RAGE and Toll-like 
receptors [82, 83]. Taketoshi Noguchi and co-authors showed that activation of 
Toll-like receptors induces preterm labor by leading to a more acute inflammatory 
process in the fetoplacental system [84]. The activation of RAGE receptors causes 
the inhibition of the acute process, and the process becomes chronic [85, 86]. A 
group of studies proved that the polymorphism of Toll-like receptors and the genetic 
structure of different alleles play an important role in the occurrence of premature 
birth [87, 88]. Hopefully, large-scale scientific research is being conducted on the 
genetic basis of the occurrence of premature birth. According to the obtained results 
thus far, premature pregnancy depends on cytokine, Toll-like receptors, and RAGE 
polymorphism regulated at the genetic level. Depending on this polymorphism, 
the inflammatory response of the fetoplacental system is formed. This response, 
in turn, not only causes premature birth but also significantly affects the course 
of perinatal pathologies [89]. Uteroplacental ischemia is primarily formed during 
the  inflammatory process in the mother-couple-fetus system [89, 90]. At this time, 
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generalized endothelial dysfunction leads to premature termination of pregnancy 
and various intrauterine developmental pathologies of the fetus [91]. The pathoge-
netic mechanisms of the formation of endothelial dysfunction during uteroplacental 
ischemia have not yet been fully investigated. However, numerous scientific studies 
have proven that inflammatory processes occurring in the fetoplacental system are 
often accompanied by thrombophilic conditions [1, 92, 93]. Thrombophilia fac-
tors that lead to premature birth are grouped into two categories—congenital and 
acquired. Congenital thrombophilia is mainly caused by the Leiden mutation and 
coagulation factor II - prothrombin mutation [94]. Antiphospholipid syndrome is the 
main acquired factor [95]. The violation of placental microcirculation during throm-
bophilia can cause thromboembolism, intrauterine death of the fetus, intrauterine 
growth retardation, premature separation of the pair, acute preeclampsia, and 
spontaneous abortions [52, 96, 97].

In recent scientific literature, there have been many reports on the increased 
incidence of preterm birth in women with mutations of the methylenetetrahy-
drofolate reductase gene and disorders of folic acid metabolism [98]. It is believed 
that as a result of mutation, folic acid cannot be activated and transformed into 
tetrahydrafolate-metafolin. As the latter provides the remethylation of homocysteine, 
its deficiency leads to disruption of homocysteine transformation and its excessive 
accumulation in the body [99]. Hyperhomocysteinemia causes generalized damage 
to the endothelium, atherosclerotic changes, placental microcirculation disorders, 
premature birth, sudden intrauterine death, as well as congenital developmental 
anomalies of the neural tube, heart, and a number of organs [100–102].

One of the main reasons for premature termination of pregnancy is the improper 
adjustment of the contraction capacity of the uterine muscle depending on the period 
of gestation. Contraction of the uterus is regulated by the interaction of actin and 
myosin proteins in myocytes [103]. Myocytes, which create special connections, 
ensure the synchrony and coordination of contractions of the uterus. The interaction 
of the actin and myosin complex is realized by the phosphorylation of myosin by the 
enzyme myosinkinase. The homeostasis of calcium ions plays a key role in myocyte 
activity. The increase in calcium ions inside the cell is carried out through membrane 
receptors stimulated by ovarian and placental steroids. Progesterone activates beta 
adrenergic receptors, and estradiol activates alpha adrenergic, cholinergic, and 
prostaglandin receptors [104, 105]. The passage of calcium ions into the cell mem-
brane is carried out by alpha adrenergic receptor agonists, and its return is carried out 
by beta adrenergic receptor agonists. The contraction and relaxation of the uterine 
muscle depends on the entry of calcium ions from the sarcoplasmic reticulum into the 
cytoplasm and the amount of agonists and antagonists of multiple receptors involved 
in this process [106, 107]. Depending on their balance, inadequate contraction of the 
uterine muscle, loss of synchrony prompts the onset of premature labor. It has been 
established that uterine contractions during childbirth and labor pains are initiated 
through the expression of contraction-related protein genes [108, 109]. These genes 
regulate the synthesis of Connexin-43, the main protein of ion channels and receptors 
[110]. The role of a number of factors in the regulation of the synchrony of uterine 
contractions has been indicated—notably, progesterone, nitric oxide, relaxin, pros-
tacyclin, and the corticotropin-releasing hormone (CRH) [110–112]. These biologi-
cally active substances, called hestagens, prevent the release of calcium ions from 
the sarcoplasmic reticulum by inhibiting cyclic AMF inside the cell. Since numerous 
experimental studies have shown that these compounds reduce inadequate uterine 
contractions, they are now widely used in clinical practice to prevent premature birth.



Maternal and Child Health

152

There are many theories about the immunological incompatibility between 
the mother and the fetus in the etiopathogenesis of premature birth. Increased 
tolerance of the mother to the fetus depends on the balance of the histological 
compatibility of complex antigens. While class I HLA-A and HLA-B antigens can 
be inactivated by the trophoblast, HLA-G antigens expressed during pregnancy 
protect the fetus from the maternal immune response [102, 113]. Inadequate rec-
ognition of fetal antigens by the mother can lead to miscarriage. In animal studies, 
reduction of galectin-1, a specific immunoregulatory protein, has been shown to 
stimulate preterm labor [114]. Additionally, in the case of a number of autoimmune 
diseases (systemic lupus erythematosus, ulcerative colitis, immunopathologies 
of the thyroid gland, etc.), there is a high probability of premature birth, and 
the severity of immunological incompatibility between the mother and the fetus 
significantly affects the gestation period at which the birth ends [106, 115]. In a 
number of studies, opinions have been expressed about the allergic reaction of the 
mother to fetal tissues during pregnancy [116, 117]. According to relevant sources, 
the amount of eosinophilic granulocytes in the amniotic fluid increases in cases 
of premature birth. As well, the number of mast cells, more sensitive to allergic 
processes, is greater in the uterine muscle, and due to the effect of prostaglandin, 
they easily degranulate and accelerate the accumulation of the uterus. Currently, 
scientific studies are being conducted to study the effectiveness of antihistamine 
drugs in preventing premature birth [118].

Congenital anomalies of the uterus, polyhydramnios, and the high risk of pre-
mature birth during multiple pregnancy indicate that uterine muscle tension plays 
an important role in pregnancy disruption. Although the size of the uterus increases 
as the pregnancy period increases, the intrauterine tension remains constant. 
Progesterone and endogenous myometrial relaxants, especially nitric oxide, are 
important in maintaining this stability [119, 120]. Prostaglandins and neuromuscu-
lar junction proteins, especially connexin-43, increase during uterine strain [121]. 
Amniochorial strain, on the other hand, causes the premature rupture of membranes 
and premature birth. Because of this, premature birth is more difficult to control and 
is regarded as an almost unavoidable process.

Thus, although numerous concepts of the causes and pathophysiology of prema-
ture birth have been put forward and various developmental mechanisms have been 
determined, it is not possible to completely prevent perinatal pathologies caused by 
premature termination of pregnancy or incomplete birth. Although inflammation has 
been identified as the main pathogenetic mechanism in the occurrence of premature 
birth, the pathophysiology of the process has not yet been fully studied. The inflam-
matory process in the fetoplacental system is stimulated both by the effect of bacterial 
colonization and by the effect of hypoxia, accompanied by an inflammatory response 
in the maternal and fetal bodies. However, since the response to fetal infection is 
often not manifested by noticeable pathological changes in a pregnant woman, it can 
be overlooked by specialists or identified late. Even if it does not cause a pathological 
process in the mother’s body, the fetal inflammatory response causes premature birth, 
increased perinatal morbidity, and mortality. In modern times, despite the improve-
ment of perinatal medical care technologies, methods for the effective prevention of 
premature birth have not been developed. The specificity and sensitivity of clinical-
instrumental examinations and laboratory markers are very low. Therefore, in recent 
years, numerous scientific studies have been conducted with the aim of finding new 
sensitive markers of premature birth and identifying women from the risk group by 
involving pregnant women in screening examinations.
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2.  Preterm birth and perinatal prognostic indicators of further age 
pathologies

Due to the high level of technology and quality medical care in the field of neo-
natology in recent years, noticeable achievements have been made in reducing the 
mortality rates of small and extremely small premature babies [100, 122]. In many 
countries, the criteria for live birth have been changed and great achievements have 
been made in feeding children whose gestational age is older than 22 weeks [123–125]. 
Although the number of survivors among children born at 23–24 weeks of gestational 
age has increased, a number of early and late complications among them have become 
a serious medical and social problem. While the pathologies of the neonatal period in 
children born prematurely are mainly related to respiratory, gastrointestinal, neu-
rological, and nutritional problems, the complications of premature birth are mani-
fested in children’s early age, preschool, school, adolescence, and other developmental 
periods [126–128].

The lower the gestational age, the more severe are the long-term consequences of 
a preterm birth. Even in profoundly premature babies without structural changes in 
the brain, minimal brain dysfunctions are manifested in further development. Deeply 
premature babies, whose neonatal period is complicated by various pathologies, 
always require long-term monitoring and rehabilitation [129, 130]. After discharge 
from neonatal intensive care units, neuro-developmental abnormalities are the most 
common problem for premature babies. The most common neurodevelopmental 
anomalies include cerebral palsy, various forms of psychomotor development and 
behavioral disorders, as well as vision and hearing problems [131–135].

The timely detection of neurodevelopmental delays and implementation of reha-
bilitation measures lead to a significant reduction in the severity and complications 
of later age problems. Therefore, in a number of developed countries, monitoring the 
development of premature children is carried out at the state level, and multicenter 
randomized clinical studies are given great importance. The lower the age of gestation 
and the degree of morphofunctional maturity of the brain, the more common are sec-
ondary brain damage in hypoxia-ischemia, sepsis, necrotic enterocolitis, meningitis 
and other infectious inflammatory processes; nutritional disorders are more common 
in these children, which manifests itself in various ways at later ages. It shows with 
developmental problems of degree [136–139]. In particular, organic damage to the 
brain—intraventricular hemorrhage, periventricular leukomalacia, and gross psycho-
motor developmental disorders with ventriculomegaly, including infantile cerebral 
palsy, are more likely [140, 141].

Radiological examinations have important diagnostic value in the acute period of 
brain damage and can form certain ideas about future neurodevelopmental problems 
[122, 142]. However, at present, the results of early ultrasound examinations are 
hardly used as a prognostic indicator of neuromotor development. According to the 
studies by Laptook and co-authors, the specificity and sensitivity of abnormal neu-
rosonography results are very low; cerebral palsy is noted in 9.4% of children with a 
body mass of less than 1000 g and a normal brain ultrasound examination [143, 144]. 
In the last few decades, the topical diagnosis of brain injuries has started to be per-
formed using magnetic resonance imaging (MRI), and successful results have been 
achieved in this direction. While significant changes in brain white matter during 
the acute phase of central nervous system injuries are detected by ultrasound, MRI 
is a more sensitive imaging modality for identifying smaller brain lesions [145–147]. 
Cerebellar lesions, which are difficult to detect by ultrasound, can also be successfully 
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diagnosed by MRI [148]. As a result of this MRI use, monitoring the subsequent 
development of children with various changes in the brain has led to the discovery of 
valuable prognostic information [149]. The positive and negative prognostic value of 
the changes determined as a result of the examination varies depending on the sever-
ity of the damage, the gestational age of the child, and the influence of environmental 
factors affecting developmental delay. For example, among children with white 
matter damage at the age of five, while the negative prognostic value of a normal MRI 
for neurodevelopmental retardation is 100%, the positive prognostic value is 75%, 
excluding cognitive impairment [150–152].

Considering the presence of numerous factors that can affect cognitive develop-
ment in later development, it can be considered legitimate that there is no relationship 
between perinatal white matter damage and cognitive development disorders. Studies 
have shown that diffuse white matter damage causes neuromotor retardation in pre-
school and school-aged children [153, 154]. In the research done at Turku University 
in Finland, it was noted that in premature babies, this examination is carried out not 
only in the first days after birth but also at the age equivalent to term birth, which 
leads to the acquisition of honest prognostic information about the development 
of neuromotor functions in the first five years of life. The essence of this scientific 
conclusion is that the changes detected as a result of MRI only in adult brain tissue 
cause neurodevelopmental disorders at later ages [155]. It is believed that the develop-
ment of the brain mass is proportional to the growth of the head circumference, and 
the child’s neuro-motor development can be evaluated and predicted based on this 
indicator. As a result of MRI examination, it is possible to determine the total volume 
of the brain, and in children born with a very small mass, the volume of the total or 
individual parts of the brain has a significant impact on the mental, speech, memory, 
and psychomotor indicators of the child’s further development [156]. Structural dam-
age detected during MRI examination is not always equivalent to brain dysfunction. 
Thus, psychomotor development may be completely normal in cases where noticeable 
pathologies are detected [157]. However, in all cases, MRI examination surpasses 
many development scales and immunohistochemical markers determined on the basis 
of clinical indicators according to its prognostic value.

Studies on the assessment of early neurological development in premature infants 
have shown that cerebral palsy and behavioral-developmental pathologies are of 
greater relevance. Such pathologies are accompanied by abnormal muscle tone and 
movement disorders, and the clinical course and prognosis depend on the direction 
in which the motor functions change. Thus, more functional and sensory disorders 
are observed in hemiplegia and diplegia, while more motor disorders are found in 
triplegia and quadriplegia [158].

Cerebral palsy is distinguished according to the degree of severity as follows: 
mild (the child has only mild movement disorders, general muscle activity does 
not lag behind age norms), moderate (the child can walk with assistive devices, 
can sit freely), and severe (the child has the ability to move, no assistive devices 
can be activated) [159]. Of course, along the course of the pathological process, a 
number of external interventions and the prescription of drugs significantly affect 
the prognostic indicators. For example, the administration of antenatal steroids and 
indomethacin in the perinatal period reduces the risk of intraventricular hemorrhage 
[160]. Corticosteroids used postnatally in the treatment and prevention of broncho-
pulmonary dysplasia in premature infants increase the risk of developing cerebral 
palsy [161–163]. In general, according to the incidence of psychomotor developmental 
pathologies of early age, those born with deep prematurity and extreme small mass 
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are at greater risk, with such pathologies occurring in 9–17% of children who survive 
various perinatal pathologies [164, 165]. Numerous scientific research projects have 
been carried out on the further development of children born prematurely; over time, 
the results found through this research have differed fundamentally from one study 
to another. Information about classical randomized studies entered the periodical lit-
erature in the 1970s. If the first epidemiological studies were devoted only to the study 
of the form and frequency of developmental delays, since the 1990s, the effectiveness 
of various scales and diagnostic markers to assess psychomotor and sensory develop-
ment became the objects of research. Within the framework of the International 
Institute on Child Health and Development, the assessment of children aged 
18–22 months after birth began for the first time, using the Classification System of 
Gross Motor Development, the Bailey Scale of Children’s Development Assessment, 
and the Amiel–Thison scale of neurological development [92, 150].

In the twentieth century, starting from the perinatal period, various assessment 
and development programs were implemented one after the other, and large-scale 
scientific research was carried out in the search for more sensitive indicators of 
various neuromotor disorders. At present, the Bailey-2 scale of developmental 
assessment, Denver developmental screening test, CAT/CLAMS scale, and Gessel 
and Mullen comprehension tests are widely used [134, 166, 167]. The Denver 
screening test and its modified variants detect and predict gross motor, fine motor, 
social adaptation, and speech problems in the first 6 years of life starting from the 
first months after birth [168, 169]. Evaluation by this scale is currently considered 
the ideal test system for identifying children with developmental delays, playing 
the role of screening. Evaluation with the Beley scale and its modified versions 
allows for the detection of the severity of the pathological process in several ways 
and  various clinical forms in children with developmental delays detected through 
screening [170, 171].

Developmental assessment tests are used to identify and predict the retardation of 
children’s mental and psychomotor development levels in each developmental period. 
Based on the obtained results, timely preventive measures can lead to the prevention 
of a number of developmental delays. However, assessment and prediction based on 
these scales have several difficulties. Specifically, the accuracy of predictions is influ-
enced by a number of external factors, including the social environment surrounding 
the child, educational level of the parents, and structural changes of the brain with 
various origins. Furthermore, it is not always possible to involve parents and children 
in such assessments in a timely and regular manner given that examinations take a 
long time.

Cognitive and behavioral reactions are of great importance in the proper forma-
tion of children’s social adaptation. Profoundly preterm infants and children with 
intrauterine growth retardation constitute a greater risk group for the formation of 
cognitive functions on a weak basis [127, 172]. It is believed that both the antenatal 
and postnatal retardation of the child lead to a delay in behavioral and cognitive 
functions [173]. The psychological state of parents has a significant impact on the 
behavioral problems of premature children. Studies have found that there is a statisti-
cally significant relationship between parents’ stress index and children’s behavioral 
responses at 3 years of age [174]. In another study, it was shown that depressive 
symptoms in mothers led to impaired social adaptation and behavioral responses of 
children aged 5 years [175]. Experts who study the impact of nutrition on develop-
ment have sought to prove that the formation of cognitive reactions does not differ in 
children who lag behind in antenatal or postnatal development and depends more on 
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proper and balanced nutrition [176, 177]. Many authors have confirmed that there is 
a dependence between a child’s weight and height parameters at birth and physical, 
psychomotor, and neurological development at later ages. According to Tanabe K. 
and co-authors, 18.2% of children with intrauterine growth retardation are stunted 
at school age. In children born with prematurity and intrauterine growth retarda-
tion syndrome, various changes occur in the central nervous system, and many are 
maintained for a long time without recovery at a later age [39, 119]. Especially in deep 
premature babies, pathologies such as cerebral hemorrhage, periventricular leukoma-
lacia, and hypertension-hydrocephalus syndrome cannot be fully recovered despite 
continuous dispensary control, proper intensive therapy, and rehabilitation treatment 
[87, 178]. P. Casolini created experimental subneurotoxic anoxia in mice in the first 
week of life and observed persistent dysfunction of the hippocampus and cerebral 
cortex as well as the disruption of behavioral responses in subsequent development 
[179]. In another scientific study, the results of magnetic resonance examinations 
showed that in children born with low weight, the development of various structures 
of the brain was not proportional—the amount of gray matter in some areas was low 
and was maintained for a long time [180]. The disproportionate development of brain 
structures in children born with low weight was accompanied by physical and sexual 
underdevelopment at different ages, disruption of social adaptation, and attention 
disorders [171, 181, 182].

Research conducted over many years has concluded that in addition to psychomo-
tor developmental delays, somatic and infectious pathologies of various organs and 
systems are also more likely to occur in the further development of children born 
prematurely. Children born with low birth weight have a high risk of death due to 
cardiovascular pathology [1]. Epidemiological studies conducted jointly by several 
perinatal scientific centers have proven that intrauterine growth retardation created 
experimentally as a result of hypoxia and nutrient deficiency in pregnant mice was 
a major risk factor for the development of cardiovascular diseases in later develop-
ment is a risk [166, 183, 184]. Left ventricular remodeling of the heart has proven 
that ultrastructural changes caused by both ischemia and nutrient deficiency lead to 
future cardiac dysfunction [1].

Research on the genetic basis of organ dysfunction has led to certain results. For 
example, in studies conducted on mice, the removal of the NR2B fraction from the C 
terminus of the NMDA receptor gene, which plays an important role in the pathogen-
esis of perinatal damage to the nervous system, resulted in perinatal death. Another 
group of researchers observed a substantial decrease in NR1 and NR2B subunits as a 
result of biochemical tests in mice whose mothers were stressed during pregnancy. 
Later, electrophysiological studies revealed that intrauterine stress causes memory 
and cognitive impairments in later life as a result of the long-term dysfunction of the 
hippocampus [179, 180].

Many diagnostic and preventive programs have been proposed to prevent near 
and far consequences of preterm birth [130, 185, 186]. A number of sources have 
suggested a control program for children born with intrauterine growth retardation 
in polyclinic conditions, which serves to reduce their morbidity [23]. Depending on 
the variant of intrauterine growth retardation syndrome, dynamic dispensary control 
leads to a decrease in morbidity in such children. G.K. Swamy, with his research, 
has shown that timely and correct perinatal care has the leading role in reducing the 
morbidity and mortality rates of premature babies at a later age [187]. However, he 
has noted that even state-of-the-art medical care does little to reduce perinatal and 
postnatal morbidity in children born with severe and extreme low birth weight.
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3. Conclusion

Thus, since the mechanisms of the formation of perinatal-period pathologies in 
children born prematurely have not yet been fully studied, early and late preven-
tion of most diseases associated with the period of intrauterine development is not 
possible. However, problems of intrauterine development lie in the genesis of many 
diseases that appear in later development. Endothelial function is the basis of the 
formation mechanisms of the immune response to the inflammatory process in the 
fetoplacental system. Not only in the intrauterine period, but also in the early adapta-
tion period after birth, due to the influence of various exogenous and endogenous 
factors, changes in the vasoregulatory and inflammatory response of the vascular 
endothelium affect the manifestation of diseases that appear in later development to 
one degree or another. Given the nature of the relationship between the inflammatory 
markers of individual organs and systems and the indicators of endothelial dysfunc-
tion, it is not possible to determine the perinatal risk factors affecting the future 
development of the body, but a wide range of scientific research is being conducted in 
this direction. Investigating the influence of the level of perinatal organ and endothe-
lial dysfunction markers on further development, as well as the regional characteris-
tics of premature birth, can be the basis for creating a perinatal prevention program 
for early-age pathologies.
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