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Summary 
 
New born patients require a frequent and periodic collection of some 

anthropometric data to evaluate their correct growth, particularly during the first 

weeks of their life. This information allows to eventual detect slow growth rate 

potentially related to some pathologies of the neonate. Among the many 

anthropometric data of interest, in my study, particular attention has been dedicated 

to tibial length (TL), cranial circumference (CC) and body height (H); such 

parameters are routinely collected in clinical environment. Available measurement 

methods to measure these parameters are not useful for the purpose of my study, 

because the aim is to obtain reliable non-contact measurements on infants. In this 

study, I propose the use of stereophotogrammetry, in which images are elaborated 

by a software in order to obtain the 3D reconstruction of the subject. This semi-

automatic approach is contact-less and completely safe for the infant. In my 

experiments, a cohort of 9 subjects (7 infants and 2 simulators) has been used and 

images were taken using a smart watch, CCD camera. From obtained results, 

measurements calculated by the proposed method are comparable with the data 

collected by the clinical expert. Moreover, data repeatability of the proposed 

measurement method is lower with respect to the one estimated from the operator 

(± 0.7 cm). For this reason, it is possible to consider the proposed method, based on 

stereophotogrammetry, applicable to the anthropometric measurements of infants, 

offering an alternative to the manual measurements routinely performed by 

clinicians. 
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CHAPTER 1: Introduction 
 
1.1 NICU (Neonatal Intensive Care Unit) 
 
The neonatal intensive care unit (NICU) is specialized in the care of ill or 

premature newborn infants. The word “neonatal” is referred to the first 28 days of 

life and generally, babies admitted to the NICU are preterm (born before 37 weeks 

of pregnancy), have low birth weight (less than 2500 grams) or have a health 

condition that needs special care.  

There are three main classes of factors that contribute to the care requirements for 

the infants, that are: 

1. maternal factors: 

• Drug or alcohol use; 

• Diabetes; 

• Hypertension; 

• Bleeding; 

• Multiple pregnancy (twins, triplets, or more); 

• Too little or too much amniotic fluid; 

• Premature rupture of the amniotic sac. 

2. delivery factors: 

• Fetal distress or birth asphyxia; 

• Breech birth or other abnormal position; 

• Umbilical cord wrapped around the baby's neck (nuchal cord); 
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• Forceps or caesarean delivery. 

3. baby factors: 

• Infant born at gestational age of less than 37 weeks or more than 42 

weeks; 

• Birth weight less than 2,500 grams or over 4,000 grams; 

• Medicine or resuscitation in the delivery room; 

• Respiratory distress; 

• Infection; 

• Low blood sugar (hypoglycaemia) ; 

• Need for extra oxygen, monitoring, intravenous therapy or 

medicines; 

• Need for special treatment or procedures (i.e. blood transfusion). 

Focusing on preterm infant, is possible to affirm that because of their immaturity, 

can present several problems among which: hypothermia, respiratory difficulty, 

cardio-circulatory problems, infections, food problems and neurological and 

sensory problems. 

According to the aim of my study, the idea is to avoid the contact with the neonate, 

first of all to reduce the risk of infections. In fact, the state of immunosuppression 

typical of the preterm infant, the necessary operative invasiveness (endotracheal 

tubes, umbilical and percutaneous catheters), the selection of resistant germs, make 

infections the primary causes of complications and risks for survival of the neonate. 

One of the most invasive infection is the sepsis. 
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1.1.1 Sepsis in preterm infants 

Neonatal sepsis is an invasive, usually bacterial, infection that occurs during the 

neonatal period. The signs are multiple, nonspecific and include reduced 

spontaneous activity, less vigorous sucking, apnea, bradycardia, temperature 

instability, breathing difficulties, vomiting, diarrhea, abdominal distension, 

irritability, convulsions and jaundice. The diagnosis is based on the results of the 

culture tests and is clinical; this is the reason why is important that the neonate is 

always under a strict control by clinical staff. 

Preventive measures of hospital asepsis, use of disposable material, monitoring of 

inflammatory indexes, reduction of residence times of tubes and catheters, enteral 

nutrition with fresh breast milk undoubtedly help in the attempt to control the 

problem of infections; however with their variable onset, from sneaky and slow to 

lightning, they still are a challenge for the preterm infant and for the NICU’s staff. 

 

Neonatal sepsis can be: 

1. early onset (≤ 3 days from birth), with an incidence of about 7%, that 

usually results from organisms acquired intrapartum and symptoms appear 

within 6 hours of birth; 

2. late onset (after 3 days), with an incidence of 10-15% for bacterial 

infections only and 15-20% for all infections, that is usually acquired from 

the environment and is more likely in preterm infants with prolonged 

hospitalization, use of intravenous (IV) catheters, or both. 

 

Early signs of neonatal sepsis are frequently nonspecific. Fever is present in only 

10 to 15% but, when sustained for more than one hour, generally indicates 

infection. Other symptoms and signs include respiratory distress, neurologic 

findings, jaundice, vomiting, diarrhea and abdominal distention [1].  
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In order to reduce at minimum the risk of neonatal sepsis, in NICU newborns lie on 

two different kinds of devices: incubators and radiant warmers.   

 
 
1.1.2 Neonatal incubators and radiant warmers  

Neonatal incubators and radiant warmers are used to maintain the body temperature 

of neonates [2]. The heat output is usually regulated by servocontrol to keep the 

skin temperature constant at a site on the abdomen where a thermistor probe is 

attached. The minimal oxygen consumption under a radiant warmer is the same or 

slightly higher than that of the same infant in an incubator. Is important to keep 

small babies warm, in order to reduce their mortality [3-5] and to promote their 

growth [6]. Premature or sick newborn infants are kept naked so that they may be 

closely observed. In the following paragraphs, the characteristics of these two 

biomedical devices will be described more in detail. 

 

1.1.2.1 Neonatal Incubator  
 
The neonatal incubator, represented in Figure 1, is a biomedical device which 

provides humidity, oxygen and an enclosed heated area around the infant. Is used 

in preterm infants or for some ill full-term newborns, to maintain environmental 

conditions suitable for a neonate, recreating the intrauterine environment. The 

infant is lying on a tray on which a soft mattress rests. The tray can be tilted from 

the side of the head or feet and can be placed on a scale, so as to always keep the 

weight under control. Usually the incubator is placed on a trolley that allows its 

possible transportation. Over the mattress the incubator is equipped with a rigid 

cover made by a transparent material, that generally is polycarbonate, with round 

openings on the three sides through which the parents can interact with their baby 
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and through which medical staff can put their hands for the care of the newborn 

performing, whenever possible, the necessary procedures such as blood sampling, 

starting intravenous infusions, and nursing care. The presence of these openings 

avoids the sudden changes in temperature that would occur if the upper cover of the 

incubator were opened each time and also contribute to the maintenance of the 

controlled atmosphere and sterility. The air inside the cover is made sterile thanks 

to special microfilters and is 

oxygenated by means of a tube. An 

electronic system allows to keep 

under control the vital parameters 

of the infant, that are heart rate, 

temperature, respiratory activity, 

weight and oxygen saturation, and 

of the internal atmosphere that are 

temperature and oxygenation. If 

some anomalies occur, visual or 

acoustic alarm systems are 

activated which allow the operator 

to intervene promptly to restore 

optimal conditions. The modern 

incubators are totally removable, 

to ensure perfect cleaning and sterilization. There is additional equipment used to 

evaluate and treat sick neonates.  

These include: 

• Blood pressure monitor, a machine that is connected to a small cuff which 

wrapped around the arm or leg of the patient. This cuff automatically takes 

the blood pressure and displays the data for review by providers. 

Fig. 1. Neonatal incubator with a baby dummy inside. 
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• Oxygen hood, a clear box that fits over the baby's head and supplies oxygen. 

This is used for babies who can still breathe but need some respiratory 

support. 
 

• Ventilator, a breathing machine that delivers air to the lungs. Typically, 

takes the role of the lungs while treatment is administered to improve lung 

and circulatory function. 

 
 

Possible functions of a neonatal incubator are: 

• Oxygenation, through oxygen supplementation by head hood or nasal 

cannula, or even continuous positive airway pressure (CPAP) 

or mechanical ventilation. Is important because infant respiratory distress 

syndrome is the leading cause of death in preterm infants; 
 

• Observation through sophisticated measurement of temperature, respiration, 

cardiac function, oxygenation and brain activity; 
 

• Protection from cold temperature, infection, noise, drafts and excess 

handling. Incubators can be described as bassinets enclosed in plastic, with 

climate control equipment designed to keep them warm and limit their 

exposure to germs; 
 

• Reduction of noise through a soundproofing system that allows to limit the 

internal noise to less than 60 dB in order to avoid damage to the acoustic 

apparatus of the infants caused by the noise of the fans. 
 

• Provision of nutrition, through intravenous catheter or NG tube; 
 

• Administration of medications; 
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• Maintaining fluid balance by providing fluid and keeping a high air 

humidity to prevent too great a loss from skin and respiratory evaporation.  
 

A transport incubator is an incubator in a transportable form, and is used when a 

sick or premature baby is moved. Is suitable, e.g., for moving the infants from one 

hospital to another, as from a community hospital to a larger medical facility with 

a proper neonatal intensive-care unit. This incubator is able of being housed in 

ambulances, ships or helicopters and is more impact resistant and lighter than fixed 

incubators, to ensure correct operation during transport. Moreover these incubators 

are equipped with batteries and 

chargers. It usually has a miniature 

ventilator, IV pump, pulse 

oximeter, oxygen supply built into 

its frame and cardio-respiratory 

monitor. 
 

 

1.1.2.2 Radiant warmer 

The radiant warmer is a bed with an 

overhead heating element (Fig. 2). 

A temperature sensor is taped to the 

infant's skin, and the warmer 

regulates its heat output to maintain 

the baby at a constant temperature.  

The major advantage of this device 

is the easy and open access it 

provides to critically-ill infants who 

require procedures, such as Fig. 2. Radiant warmer with a baby dummy inside. 
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endotracheal intubation, blood sampling and insertion of catheters or needles for 

intravenous infusions, without disturbing the thermal environment. In fact these 

procedures are performed by the physicians and nurses with no change in skin 

temperature.  

On the other side, a disadvantage is that the infant is open to all the disturbance and 

infection in the NICU and it is difficult to control humidity.  

In radiant warmer, instead, the infant lies on an open bed surrounded by low walls 

and is warmed by an overhead panel that produces radiant heat. The heat output is 

regulated by servo control to maintain a constant abdominal skin temperature.  

         

1.1.3 Medical Staff in NICU 

The direction of the NICU is covered by one or more neonatologists and the internal 

organization is composed by several professional employed in the healthcare 

profession. Some of the specially-trained healthcare providers, that take care of the 

infants, are: 

• Neonatologist, a pediatrician with extra training in the care of sick and 

premature babies. The neonatologist supervises pediatric fellows and 

residents, nurse practitioners, and nurses who care for babies in the NICU; 

• Neonatal fellow, a pediatrician getting extra training in the care of sick and 

premature babies and may do procedures and direct neonate’s care; 

• Pediatric resident, a doctor who is getting extra training in the care of infant, 

may do or assist in procedures and help direct neonate’s care; 

• Neonatal nurse practitioner, a registered nurse with extra training in the 

care of newborn babies, can do procedures and help direct neonate’s care; 
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• Respiratory therapist, a person with special training in giving respiratory 

support and this includes managing breathing machines and oxygen. 

• Speech therapist, that make sure that a baby is developing well. They also 

help with care including positioning and soothing methods. Speech 

therapists help babies learn to eat by mouth. 

• Dietitians,  that ensure the babies are growing well and getting good 

nutrition. They watch neonate’s intake of calories, protein, vitamins and 

minerals. 

• Lactation consultants, healthcare providers with extra training and 

certification in helping women and babies breastfeed. They can help with 

pumping, maintaining milk supply, starting and continuing breastfeeding. 

• Pharmacists,  that help in the NICU by assisting the care providers choose 

the best medicines. They check medicine doses and levels. They keep the 

team aware of possible side effects. 

• Social workers, help families cope with many things when an infant is ill. 

They give emotional support, help families get information from healthcare 

providers. They support the family with other more basic care needs, e.g. 

money problems, transportation, or arranging home healthcare.  

• Physiotherapist deals with problems related to the psycho-motor 

development of the infant and has a global approach to each individual 

patient, taking care of the babies at 360° and not only of his body.                

The aim of this figure is to facilitate the infant in the maturation of his 

physiological psychomotor skills. Fortunately, not many orthopaedical or 

musculoskeletal problems are seen in NICU [7].  
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NICU team members work all together with parents to create a plan of care for 

high-risk newborns.  

I would like to go a little bit more in detail about this professional figure, because 

was fundamental in my study. Daily re-assessment of the infants is performed by 

the physiotherapist, that also provides guidance in positioning and handling of the 

infants.  

This clinical expert continues to monitor the infant's progress and will advise the 

nursing staff of any change required in the infant's management. Has also a role in 

offering assessment and management of other problems such as musculoskeletal 

and neurodevelopmental disorders.  

The physiotherapist is considered an essential member of the NICU’s team because 

of the various skills brought about in managing the baby from this profession. 

In particular, this clinical expert was fundamental in my study, because the 

measurements obtained with the manual procedure were taken by the 

physiotherapist, in order to compare his results with those obtained by the 

stereophotogrammetric method proposed in my study. 
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1.2 Anthropometric measurements  
 

New born patients require a frequent and periodic collection of some 

anthropometric data to evaluate their correct growth, particularly during the first 

weeks of their life. This information allows to eventual detect slow growth rate 

potentially related to some pathologies of the neonate.  

One of the mandatory requirements in newborn and pre-term infant clinical 

treatment is to measure the main anthropometric data and to keep track of their 

changes during the first week of life. In fact, these data are used to monitor a correct 

infant development or eventually can be warning of a slow growth of some organs 

and in some severe cases are among the first sign of diseases. These informations 

are required in order to detect some pathologies that are related to the non-growth 

or to an abnormal growth of the infant’s organ [8].  

The correct growth of the neonate is evaluated comparing the measured parameters 

with the World Health Organization (WHO) [https://www.who.int] growth curves. 

The WHO Child Growth Standards are manifold and are all collected on WHO site. 

In this study I decided to report only the curves representing “Head circumference-

for-age” and the “Length-for-age” both of boys and girls babies in their first months 

of life (Figure 3 and Figure 4 respectively).  

Among the many measurements routinely performed, the tibial length (TL), cranial 

circumference (CC) and height of the infant (H) are very important. More in detail: 

• CC is recommended to be part of the routine exam, because of its strict 

correlation with the dimensions, the weight and the development of brain 

mass. CC related with age (Fig. 3) can be used to detect intrauterine growth 

retardation or extreme chronic malnutrition in the first few months, that can 
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cause decreased brain development resulting in an abnormally low CC 

measurement. Some pathologies related to out of the range measure of the 

CC are microcephaly, macrocephaly and hydrocephaly [8, 9]. 

• The measurement of H, instead, is of some importance because, in 

conjunction with the age of the infant (Fig. 4), infant’s weight, as weight-

state indices, allows a first objective assessment of malnutrition.  

Nowadays the anthropometric measurements are still mostly taken manually by the 

clinicians or by the nurses. These measurements are all operated manually, with the 

expert touching the infant, in order to place him in a correct position for the 

measures.  

In particular: 

• tibial length (TL) is measured using a caliper; 

• cranial circumference (CC) is measured using a craniometer; 

• height (H) of the infant is measured with the neonatometer.  

In these latter cases (CC and H), sometimes the clinician can use a simply flexible 

meter. 
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Fig. 3. World Health Organization (WHO) growth curve of head circumference. 
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Fig. 4 World Health Organization (WHO) growth curve of length. 
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1.2.1 Caliper 

The tibia is measured with the caliper which is an instrument used to measure the 

distance between two points in a direction parallel to the axis of the caliper itself 

[10]. The caliper, represented in Figure 5, consists of two parts, two graduated rulers 

that slide in the axial direction one on the other, equipped with appendices, called 

beaks, used as references, or stops, for the distance of the points to be measured. 

The part where the main graduation is engraved, i.e. the various notches that divide 

the measuring range, is called fixed part or body, while the mobile part that houses 

the caliper is called the cursor. The caliper works, as mentioned, for the 

measurement of 3 types of lengths: external dimensions (width, length, thickness, 

distance between 2 surfaces, external diameter), internal dimensions (internal 

diameter, internal distance between 2 surfaces) and depth (depth of holes and slots). 

The moving part, the slide, slides on the fixed part when the beaks are moved away 

until they touch the surfaces to be measured. The sliding occurs through a wheel or 

a lever with a spring, called friction lever, which locks its position at the measured 

value; in addition, a closing screw is often present in the upper part of the caliper 

and mainly for the roller ones, which serves to ensure the position of the slide and, 

therefore, to fix the measured value. Often, in fact, the measurements are made in 

uncomfortable positions and the graduated line is not visible: through the closing 

screw it ensures that the measured value does not change when the caliper is 

brought in front of the eyes for reading. When making a measurement of a 

component it is good to carry out the check at least three times in order to eliminate 

errors due to inaccuracies of the component, positioning and reading. The first 

operation to do to measure a piece is to open the instrument's beaks by sliding the 

cursor over the fixed body in order to have enough space to "embrace" the area 

under investigation. The next step is to tighten the beaks until the surfaces of the 

beaks themselves and the object to be measured are parallel. Generally, it consists 
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In the case of TL, the moving part slides on the fixed part when the beaks 

(appendices used as references or stops for the distance of the points to be measured) 

are moved away until they come in touch with the point marks: the heel and the 

upper part of the patella. It is very important to keep an angle of 90° between the 

lower and the upper part of the leg in order to obtain a reliable measurement.  

 

1.2.2 Neonatometer 

The neonatometer, represented in Figure 6, was specifically designed for neonatal 

growth studies, in preterm as well as full term infants, as a high accuracy, counter-

reading instrument. Its construction is of a light alloy frame within which are a 

curved fixed headboard and ball-bearing-mounted, free-moving footboard operated 

via a constant-pressure lever. The whole apparatus, weighing only 2.0 kg, may be 

placed over the neonate who may then lie undisturbed while the observer prepares 

for measurement. H measurements, can be taken in different modalities.  

The first one consists in take the H with the ‘neonatometer’ [10]. The subject lies 

on this latter with the head held in the supinated Frankfurt plane (with the eyes 

looking upwards  and the lower orbit of the eyes in the same vertical plane as the 

Fig. 5. Caliper used in this study to manually measure the tibial length. 
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upper margin of the external auditory meatus) by an assistant standing directly 

behind the fixed headboard of the table. Moreover, the assistant must apply 

downward pressure on the shoulders to prevent arching of the back. Having secured 

the head and shoulders of the subject, the assistant applies gentle pressure to bring 

the head into contact with the fixed headboard while the observer, ensuring that the 

leg of interest to measure H is straight, ankle at right angle, and toe pointing directly 

upwards, brings the footboard into firm contact against the subject's heel. Due to 

the fact that the measurement are operated on pre-term of early infants, there is a 

lack of cooperation from the subjects and so the observer must often apply 

downward pressure to the knee while maintaining a firm grip on the subject's foot. 

This problem of cooperation is present also for the measurement of TL and CC.  

The second modality is the one used in the measurements taken by the expert in my 

study and also the least reliable due to the continuous movements of the infant. It 

simply consists in placing this latter on the mattress and marking the highest point 

of the head and the point where the heel is located when the ankle forms a right 

angle and is obtained by trying to stretch the infant’s leg with light pressure. Then 

the distance between the marked points is measured, and that is the height. 

 

 

Fig.  6. Neonatometer used in this study to manually measure the height of the infant. 
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1.2.3 Craniometer 

CC is usually taken using a ‘craniometer’ (Fig. 7), or simply a flexible meter, that 

is placed just above the eyebrows (i.e. supraorbital ridges), above the ears and 

around the back of the head (i.e. occiput) so that the maximum cranial 

circumference is measured [9]. The tape is passed around the head as previously 

described and, using the index or middle fingers of the left band, the tape is held on 

the most anterior protuberance of the forehead. The right hand, maintaining tension 

on the tape, is used to move the tape over the most posterior protuberance of the 

occiput so that measurement is that of the maximum head circumference. Having 

located the maximum circumference, the tape is pulled tight to compress the hair 

and the measurement read to the last completed unit. There is general agreement 

that head circumference should be the maximum, but the actual positioning of the 

tape is variously described. For this reason, is possible to affirm that the 

measurement of the head circumference is subjective, since the choice of the 

positioning point of the tape can vary according to the expert who is currently 

measuring the cranial circumference [10]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7. Craniometer used in this study to manually measure the cranial circumference. 
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1.3 Aim of the study 
 
From the previous paragraphs it is clear that the ways in which anthropometric 

measures of infants are taken, have limits. First of all they are taken subjectively; 

this means that the measurement may vary according to the expert who is currently 

measuring the parameter. This may be due to movements of the newborn, which in 

some moments can be almost nil and in others can be very agitated, or to the 

different measurement mode (as mentioned in the paragraph of the craniometer). 

Another limitation lies in the fact that this technique obviously involves contact 

with the newborn and this, especially in premature babies hospitalized in NICU, 

can be a big problem as it exposes the newborn to high risks, considering that the 

infants could have organs that are not completely developed, or could have some 

other pathologies, and every time that there’s a contact with them, especially for 

premature ones, the risk of sepsis increases.  

For all these reasons, the aim of this study is to obtain reliable anthropometric 

measurements of some important parameters for neonates growth, using a contact-

less method. 
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CHAPTER 2: Materials and Methods 
 
2.1 Contact and contact-less techniques   
 
In literature, available measurement methods to measure the anthropometric 

parameters, that for this study are tibial length, cranial circumference and height of 

the infant, are not useful for this aim.  

Hesse et al. report techniques to obtain estimation of body pose with the use of 

depth sensors like the Microsoft Kinect and its body tracking capabilities. However, 

the Kinect body tracking is limited to persons with height greater than 1 m, and for 

this reason this approach was not useful for this purpose [8, 11, 12].  

In other approaches markers or sensors attached to the infant were necessary in order 

to automatically recognize the landmarks on the neonates, and so the process 

becomes quite invasive for the infant due to the contact with him [13-15]. 

In recent studies [16, 17] stereophotogrammetry technique was used for facial 

reconstruction using a software (3dMD). In this case, the use of a cap was 

mandatory to make the software understand where the head was placed and so the 

method required a contact with the subject. This is exactly what we want to avoid, 

especially for pre-term infants; in fact, in this study, the stereophotogrammetry 

technique is used by taking photos and having them processed by a software in order 

to obtain the 3D reconstruction of the subject. This approach, which will be 

described more in details in the following paragraphs, is semi-automatic, contactless 

and completely safe for the infant; as previously said, the aim of this study is to 

obtain reliable non-contact measurements of the three most important 

anthropometric parameters routinely performed on infants: tibial length, cranial 

circumference and height. 
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2.2 Stereophotogrammetry  

Stereophotogrammetry, is a particular case of the photogrammetry and is a 

technique through which is possible to estimate the three-dimensional coordinates 

of points of an object employing measurements made in two or more photographic 

images taken from different positions.  

This ability to perceive the three-dimensional nature of the objects that surround us 

is called stereoscopy and is the same principle that allows the brain to receive a 

double image of each object, one from each eye, and to have the ability to combine 

them into a single three-dimensional image which is strongly different from the 

original images.  

To compute the 3D reconstruction of a given point in the laboratory space, it is 

possible to express the point as the reconstruction of the position, providing a 

characteristic spatial triad (X, Y, Z) with respect to the reference triad of the 

laboratory itself. In order to define the spatial position of a point by means of its 

coordinates, it is necessary that the point is observed simultaneously from at least 

two distinct points of view.  

After that, common points are identified on each image. A line of sight can be 

constructed from the camera location to the point on the object. It is the intersection 

of these rays (triangulation, illustrated in Figure 8) that determines the three-

dimensional location of the point.  

Stereophotogrammetry emerged as the science of extracting metric data from pairs 

of still photographs and is the base of the 3D surface imaging systems that are able 
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to allow an accurate reproduction of the surface geometry, map realistic color and 

texture data onto the geometric shape resulting in a lifelike rendering [18-20] .  

 

Fig. 8. Representation of stereo-photogrammetry technique demonstrating triangulation. 

 
 
2.3 Stereophotogrammetry applied in NICU 
 
In my study I decided to use the stereophotogrammetry technique, in order to 

identify unique features, points and coordinates on the surface of infants [20]. The 

photos were elaborated by a free share software based on Windows, in order to 

estimate the 3D coordinates of the points on an infant, lying on a radiant warmer 

(Fig. 9). Employing measurements taken in two or more photographic images, 

taken from different positions, it is therefore possible to obtain the 3D 

reconstruction of the subject. This 3D image is calculated from a collection of 

points obtained in an X,Y and Z coordinate system. This approach is semi-

automatic, contact-less and completely safe for the infant; in fact 

stereophotogrammetry is a measurement system that uses a sequence of images 

obtained using CCD cameras. 
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These cameras are composed by a CCD sensor, that consists of an integrated circuit 

formed by a grid of semiconductor elements capable of accumulating an electric 

charge proportional to the intensity of the electromagnetic radiation that hits them. 

These elements are coupled so that each of them, solicited by an electrical impulse, 

can transfer their charge to another adjacent element. By sending a timed sequence 

of pulses to the device, an electrical signal is obtained thanks to which it is possible 

to reconstruct the matrix of pixels that make up the image projected on the surface 

of the CCD itself.  

 

Fig. 9. Baby dummy in a thermal cradle, in which the three sides have been lowered to avoid reflections of 
light that would have hindered the 3D reconstruction of the subject. This was the first dummy test. In the 
subsequent tests, made also on real infants, the sides were not lowered anymore, beacause with an appropriate 
light, the problem of reflections were been overcome. 
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In this study, measurements were operated on a cohort of 9 subjects: 2 baby 

dummies and 7 healthy infants. All measurements were performed within radiant 

warmer in real operative conditions. The neonatal radiant warmer used in the 

performed tests consists of a crib for infants surrounded by a polycarbonate 

parallelepiped (Fig. 9). The infant lies on soft mattress placed on tray that can be 

tilted from the side of the head or feet and can be placed on a scale, in order to keep 

the weight under control. The dimensions of the mattress are 55x80 cm and the set 

of images of the subject was created using a smart phone equipped with a camera 

of 12 Megapixels, with a maximal resolution of 4608x2592 pixels.  

 

There are two different ways to get images for the 3D reconstruction of the subject: 

1. The first one (Fig. 10), consists in taking images along two perpendicular 

directions: from left to right respect to the subject shoulders, and from head 

to feet; 

2. The second one consists in taking photos in a circular direction, in order to 

have a view of 360° of the subject. In this case it is also necessary to add 

other shots from above in order to have a complete view of the infant.  

I discovered that both the modalities were good for getting photos for the 3D 

reconstruction, but in this study the first modality was chose (Fig. 10).  

Subsequently I will talk about how the position of the cameras has been modified 

during the dummy tests; the “camera positions” refers to the two modalities, 

previously described, in which the photos were taken.  

In Figure 10, the camera positions are reported with respect to the simulator. Images 

in which the heels and the back of the subjects’ heads were visible are mandatory to 

allow the detection of the landmarks in the subject after the 3D reconstruction. 
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These landmarks are fundamental to measure the aimed parameters: tibial length, 

cranial circumference and height of the infant.  

 

 

In order to reduce the effect of shadows and partial illumination, the illumination 

condition of the subject have been arranged in order to allow stable lighting 

conditions, using the lamp placed onto the thermal crib. Using this illumination 

source, homogeneous light distribution was obtained for all the tests.  

A necessary condition of the infant to perform the 3D reconstruction in all the 

computed tests, is that the measurements and the photos are taken during sleeping 

status of the infant.  

Fig. 10. MATLAB plot of the baby dummy with camera positions. The red asterisks represent the positions of 
the camera while shooting from left to right respect to the subject shoulders. The blue asterisks represent the 
positions of the camera while shooting from head to feet. 
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In all the tests, after some trials, a fixed number of 20 images was chosen to 

reconstruct the 3D cloud of point without requiring an excessive computation time.  

For the 3D reconstruction was used a free share software based on Windows.  

This software allows to reconstruct 3D models from photographs and no special 

equipment is needed for the utilization of it; is based on a reconstruction technology 

and allows to export point clouds and meshes in the most common 3D formats (.ply 

in this study). The process is semi-automatic, requiring the intervention of the expert 

for the positioning of the landmarks on the analysing subject. 

The choice of the landmarks was made on the basis of the manual measurement 

techniques that are carried out by the clinicians (physicians, nurses, physiotherapists, 

etc.), in order to be able to compare the expert’s measurements with those obtained 

from the study and also to evaluate whether the obtained results are acceptable.  

To measure TL, the landmarks that are involved are placed on the heel and on the 

upper part of the patella. Instead, to measure H, one landmark was added in the hip, 

in order to be able to measure femur length (FL), and one in the highest point of the 

head.  

For the measurement of CC, the procedure was more complicated, in fact the infants 

are not always in a good position to obtain images in which all the necessaries 

landmarks are visible. We can consider two scenarios:  

1. the first one is more an ideal condition in which the infant lies supine with 

the forehead and both the ears of the subject visible.  In this case, I consider 

these three landmarks in which:  

• the forehead’s landmark is chosen in a point ideally placed in the line 

that describes the sagittal plane, just above the eyebrows;  



 27 

• the left and the right ear’s landmark is chosen just above the ears, in 

order to measure the maximum circumference. 

2. In the second scenario, the infant is supine (as in the previous case) but with 

the head resting on the side of the bed with the forehead and only one ear of 

the infants visible to the camera. So forehead’s and ear’s landmarks are the 

same that I described before, but in this case I need to consider as third 

landmark the point in the back of the head in which the CC is maximum.  

 

2.3.1 Image processing steps 

In this study, I used a software for the 3D reconstruction of the subject starting from 

the photos taken with the modality previously described.  

The image processing steps are the following:  

1. Uploading of all the images taken to obtain points clouds and mesh; 

2. Laplacian filtering, allows to smooth the obtained mesh reducing noise and 

the mean was computed with 10x10 pixels; 

3. Rescaling of the 3D reconstruction, possible thanks to the presence of an 

object (marker) with known dimensions; 

4. Vertical vector definition through landmarks placed on the same plane; 

5. Manual definition of landmarks, obtained by selecting the point of interest 

from at least two photos, trying to obtain the lowest “local and global 

reprojection error”. This procedure is repeated for each landmark. The higher 

is the number of photos in which the control points are selected and the lower 

is the reprojection error, the more precise and closer to reality will be the 

definition of the landmark; 
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6. Lengths definition, in which TL, is measured automatically by the software, 

by selecting landmarks of interest (heel and upper part of the patella) and H 

is obtained simply adding TL (low part of the leg), with FL (upper part of 

the leg)  and with the segment that connects the hip with the highest point of 

the head. These latter are automatically measured as TL, but with the 

selection of the relative landmarks. I will talk about the CC in the following 

steps; 

7. Exportation of mesh and 3D landmarks coordinates in .ply format; 

8. Uploading of .ply 3D coordinates in MATLAB, in order to plot the mesh of 

the subject with the relative landmarks (Fig. 11) and to calculate the CC; 

9. Calculation of the CC is obtained by implementing a MATLAB algorithm 

based on an ellipse’s line integral, after the .ply file is uploaded.  

 

Focusing on the last point, we can see that the equation of the line integral is: 

∫ √1 − (
𝑘1

sin𝛼
)
22𝜋

0
𝑑𝛼 , 

in which  𝑘1 = √1 − (
𝑥1

𝑥2
)
2
 , with x1 representing the front-occipital axis and x2 

representing the biparietal axis of infant’s head.   
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2.4 Performing tests 

2.4.1 Baby dummy tests 

At the beginning of the study, the stereophotogrammetry technique was applied on 

a baby dummy. Several tests were computed on it, before choosing the right 

combination of the number of photos, the position of the cameras and the 

environmental light necessary to obtain a good image of the 3D reconstruction of 

the subject, without requiring an excessive computation time by the software. In the 

following paragraphs are reported some of the most significant tests that describe 

how the number of photos, the environmental light and the position of the cameras 

were changed each time in order to improve the result of the 3D reconstruction of 

the subject. 

Fig. 11. MATLAB plot of 
the simulator with the 
landmarks of interest 
represented with different 
coloured asterisks. The 
red one, represents the 
heel; the yellow one 
represents the upper part 
of the patella; the blue one 
represents the hip, 
detected as the point where 
the diaper forms a crease 
with infant’s legs; the cyan 
and the green ones 
represent respectively the 
right and the left ear; the 
black one represents the 
center part of the forehead 
and finally the pink one 
that represent the upper 
part of the head, useful to 
measure the length/height 
of the neonate. 
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2.4.1.1 First test 
 

In Figure 12 is represented the first test 

computed on the baby dummy. In this 

test 40 photos were taken and, as is 

possible to see from this image, the 

obtained 3D reconstruction of the 

baby dummy presents some holes at 

the level of the left part of the body. 

This fact is a problem in particular for 

the detection of the landmarks at the 

level of the head; in fact, the length of 

the tibia and the height of the baby 

dummy can be measured looking to the right part of the body, but is impossible to 

obtain the cranial circumference due to the fact that the left ear is not represented 

on the 3D reconstruction, and also to the fact that the point in the back of the head, 

in which the cranial circumference is maximum, is not visible because the simulator 

has the back of the head resting on the mattress.  

 

The problems that caused this bad result were two: 

1. The first one was linked to the fact that the photos were taken only along 

one perpendicular direction, from head to feet respect to the subject, without 

taking in to account the second perpendicular direction from left to right 

with respect to subject’s shoulders; 

2. The second one was due to the fact that the environmental light was really 

bad, causing the presence of shadows, that are transformed in holes in the 

3D reconstruction of the subject. 

Fig. 12. First baby dummy test. 
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After this test, was clear that the camera positions adopted and the environmental 

light were not the best for the purpose of this study. 

 

2.4.1.2 Second test 
 

In Figure 13 is represented the 

second test computed on the baby 

dummy. In this test the number of 

taken photos was 30, trying to 

reduce the computational time; 

another thing that was changed was 

the camera positions, trying to 

follow both the perpendicular 

directions from left to right with 

respect to the subject’s shoulders 

and from the head to the feet. As is 

possible to see from this image, the obtained 3D reconstruction of the baby dummy 

is better with respect to the previous one, but still presents some holes. The holes, 

this time, are at the level of the legs, in particular of the heel, making impossible to 

use this result for the detection of the tibial length and so of the height. Reducing 

the taken photos, the holes are present but are smaller with respect to the previous 

ones; this means that the number of photos is not related with the density of the 

cloud points of the image, but what is really important are the camera positions. 

Unfortunately, in this test, the changing in camera positions was not enough to 

obtain a good results for the evaluation of the anthropometric measurements; for 

this reason other tests were performed also changing the light at which the subject 

was exposed, in order to improve the 3D reconstruction of the subject.  

 

Fig. 13. Second baby dummy test. 
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2.4.1.3 Third test 
 
In Figure 14 is represented the third 

test computed on the baby dummy.  

In this test the number of taken 

photos was further reduce to 20; the 

camera positions follow both the 

perpendicular directions from left to 

right with respect to the subject’s 

shoulders and from the head to the 

feet. In this test, in order to reduce 

the partial illumination and the 

effect of shadows, the illumination 

condition of the subject have been arranged in order to allow stable lighting 

conditions, using the lamp placed onto the thermal crib. Using this illumination 

source, homogeneous light distribution was obtained for this tests. As is possible to 

see from this image, the obtained 3D reconstruction of the baby dummy does not 

present holes anymore, making possible the detection of the landmarks in order to 

obtain the anthropometric measurements of interest. In this image, with respect to 

the previous ones, are pictured also four markers (black squares) and one red spot 

of known dimensions. These elements are important for rescaling the obtained 

model, in order to have the length in centimeters.  

 

2.4.1.4 Fourth test 
 

In Figure 15 is represented the fourth test computed on the baby dummy. 

Considering the fact that the problems of the light and of the camera positions were 

solved in the previous test, in this trial the number of taken photos was reduce to 

Fig. 14. Third baby dummy test. 
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15. This was done to verify if was 

possible to obtain a good result also 

with a lower number of photos.  

The photos were taken following the 

same perpendicular directions of the 

previous test. As is possible to see 

from this image, the obtained 3D 

reconstruction of the baby dummy 

simulator presents holes at the level 

of the head, making impossible the 

detection of the landmarks in order 

to obtain the anthropometric 

measurements. In this image, with respect to the previous ones, is pictured also a 

flexible meter in order to have a further element for rescaling the 3D model, 

obtaining the lengths in centimeters.  

 

2.4.1.5 Fifth test 
 

In Figure 16 is represented the fifth and 

final test computed on the baby 

dummy. Considering that from the 

previous test emerged that 15 photos 

were not enough to obtain a good result 

of the 3D reconstruction of the subject, 

in this last test the number of photos 

was increased again to 20, keeping the 

same position of the cameras and the 

same condition of environmental light of the third and fourth tests. In this image, 

Fig. 15. Forth baby dummy test. 

Fig. 16. Fifth and final baby dummy test. 
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as in the last two ones, are pictured four markers (black squares) and one red spot 

of known dimensions, and also a flexible meter in order to have sufficient element 

for rescaling the 3D model, obtaining the lengths in centimeters.  

 

2.4.2 Healthy infants tests 

In the previous tests was obtained an optimal compromise between: 

• number of photos, fixed to 20 shots; 

• position of the cameras, consists in taking images along two perpendicular 

directions (from left to right respect to the subject shoulders and from head 

to feet); 

• environmental light to which the subject was exposed has been arranged in 

order to allow stable lighting conditions, using the lamp placed onto the 

thermal crib, obtaining an homogeneous light distribution and reducing the 

effect of shadows and partial illumination on the subject;  

• computation time. 

 

This parameters are necessary to obtain a 3D reconstruction of the subject that is 

good enough to calculate the anthropometric measurements of interest, that we 

remember being: tibial length, cranial circumference and height of the infant.  

After these necessary characteristics were discovered thanks to the baby dummies 

tests, the attention was moved on healthy infants.  

 

In these cases, the things are more complicated: 
 

1. first of all the neonate is generally dressed, so the photos must be taken in a 

moment in which the baby is only with the diaper, otherwise is not possible 

to detect the landmarks for tibial length and height measurements; 
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2. the neonate, unlike the baby dummy, moves, breathes and cries. For these 

reasons the photos must be taken while the baby is sleeping, in order to 

obtain shots in which the infant is almost motionless. 
 

The breathe was not a problem for the 3D reconstruction, because the displacement 

of the chest was minimum and involved an area that was not useful for the purpose 

of my study.  

 

The healthy infants analyzed in this study were 7: in 3 cases the infants lie supine 

with the forehead and both the ears visible. In fact the cranial circumference was 

obtained considering the three landmarks in this way:  
 

• the forehead’s landmark is chosen in a point ideally placed in the line that 

describes the sagittal plane, just above the eyebrows;  

• the left and the right ear’s landmark is chosen just above the ears, in order 

to measure the maximum circumference. 

 

In the remaining 4 cases the infants lie supine (as the previous 3 cases) but with the 

head resting on the side of the bed with the forehead and only one ear of the infants 

visible to the camera. So forehead’s and ear’s landmarks are the same that I 

described before, but in this case I need to consider as third landmark the point in 

the back of the head in which the CC is maximum.  
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CHAPTER 3: Results 
 
In my study was used a stereophotogrammetry technique in order to obtain some 

important anthropometric measurements in infants.  

In particular I decided to focus on three lengths that are part of the routine exam on 

the neonates in NICU: tibial length (TL), cranial circumference (CC) and height of 

the infant (H). For each of these parameters, I performed the measurement 

uncertainty u of the proposed method with the GUM [21]. 

For the tibial length, that is measured considering the landmarks of the heel and of 

the upper part of the patella, the results show that the uncertainty is u=0.31 cm. 

For the cranial circumference, that is measured considering the landmarks of the 

forehead and of the two ears (or only of an ear with the point in the back of the head 

in which the CC is maximum), the results show that the uncertainty is u=0.64 cm. 

For the length of the infant, that is measured simply adding TL with FL and with the 

segment that connects the hip with the highest point of the head, the results show 

that the uncertainty is u=0.35 cm.  

Considering all the residuals of the taken measurements (TL, CC and H), I obtained 

that the overall uncertainty is u=0.48 cm. 

Table 1 reports all the measurements taken from each subject: 

• “Manual (cm)” column represents the lengths measured manually by the 

clinical expert (experienced neonatal physiotherapist); 

• “Stereophotogrammetry (cm)” column represents the lengths obtained with 

the semi-automatic software based on stereophotogrammetry; 

• “Difference (cm)” column represents the differences between manual and 

stereophotogrammetric data. 
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Subject 1 Subject 2 

Manual 
(cm) 

Stereo-
photogrammetry 

(cm) 

Difference 
(cm) 

Manual 
(cm) 

Stereo-
photogrammetry 

(cm) 

Difference 
(cm) 

Tibial Legth 
(TL) 12 11.82 0.18 12 11.52 0.48 

Cranial 
Circumference 

(CC) 
37.9 38.51 -0.61 38.5 39.34 -0.84 

Height (H) 53.5 53.87 -0.37 46.5 46.12 0.38 

 
Subject 3 Subject 4 

Manual 
(cm) 

Stereo-
photogrammetry 

(cm) 

Difference 
(cm) 

Manual 
(cm) 

Stereo-
photogrammetry 

(cm) 

Difference 
(cm) 

Tibial Legth 
(TL) 9.7 9.71 -0.01 12.94 12.2 0.74 

Cranial 
Circumference 

(CC) 
30 30.02 -0.02 34.4 34.3 0.1 

Height (H) 41.5 40.8 0.7 50 49.6 0.4 

 
Subject 5 Subject 6 

Manual 
(cm) 

Stereo-
photogrammetry 

(cm) 

Difference 
(cm) 

Manual 
(cm) 

Stereo-
photogrammetry 

(cm) 

Difference 
(cm) 

Tibial Legth 
(TL) 13.66 12.81 0.85 10.8 10.4 0.4 

Cranial 
Circumference 

(CC) 
35.3 34.9 0.4 32.1 32.7 -0.6 

Height (H) 52.5 51.9 0.6 46.2 45.3 0.9 

 
Subject 7 Subject 8 

Manual 
(cm) 

Stereo-
photogrammetry 

(cm) 

Difference 
(cm) 

Manual 
(cm) 

Stereo-
photogrammetry 

(cm) 

Difference 
(cm) 

Tibial Legth 
(TL) 12.58 11.81 0.77 13.2 13.12 0.08 

Cranial 
Circumference 

(CC) 
34 33.23 0.8 32.8 31.75 1.05 

Height (H) 52.5 51.95 0.55 51.5 51 0.5 

 
Subject 9 

Manual 
(cm) 

Stereo-
photogrammetry 

(cm) 

Difference 
(cm) 

Tibial Legth 
(TL) 10.7 10.2 0.5 

Cranial 
Circumference 

(CC) 
30.5 30.2 0.3 

Height (H) 42.5 42.1 0.4 

Table 1. Representation of all the 
taken measurements.  
Subject 1 and 2 contain the lengths 
taken from the baby dummies; all 
the other Subjects contain the 
measurement lengths taken from the 
healthy infants. 
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In the following paragraphs, the obtained results will be analyzed and will be also 

shown the 3D reconstruction of all the subjects tested in this study. All the images 

are taken directly from the software interface and will be characterized by red points, 

that represent the landmarks, and green lines, that represent the lengths. 

 

In particular, red points will be: 

• Right/left heel, right/left upper part of the patella and the highest point of 

the subject’s head, in order to calculate tibial length, femur length and the 

distance between the hip and the highest point of the head, necessary for the 

estimation of subject’s height parameter; 

• Forehead, right and/or left ear and the point in the back of the head in which 

the head circumference is maximum (this last point is taken only if one of 

the ears is hidden), in order to calculate the cranial circumference. 

All the measurement uncertainties of the subjects, relating to each parameter, are 

shown in Table 1.  
 
 

3.1 Subject 1 
 
Subject 1 is the baby dummy in which 

the first tests were performed. In Figure 

17 is represented the 3D reconstruction 

of this subject. Giving a look to Table 

1, is possible to notice that all the 

measurements obtained with the 

stereophotogrammetry technique are 

comparable with the ones taken by the 

expert clinicians; in fact, each 

parameter computed with the proposed 
Fig. 17. Subject 1 with his relative landmarks (red 
points) and lengths (green lines). 
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method is characterized by an uncertainty u<0.7 cm. This is due to the fact that the 

heels are easily detectable from the photos, the head is in an ideal position and, 

being a baby dummy, the subject is immobile. 

 

 

3.2 Subject 2 
 
Subject 2 is the second baby 

dummy and its 3D reconstruction 

is represented in Figure 18. From 

Table 1, is possible to notice that 

TL and H obtained with the 

stereophotogrammetry technique 

are comparable with the ones 

taken by the expert clinicians 

because are characterized by a 

measurement uncertainty of 

u<0.7 cm. This is not true for the 

CC that has an uncertainty u>0.7 

cm. In this case, the problem is 

due to the presents of shadows in 

the head of the baby dummy and 

to the fact that its skin is made of a plastic material that generates reflections in the 

photos; these reflections make the 3D reconstruction of the subject heavy in that 

point and for this reason the estimation of the CC is not good as the other two 

parameters of interest. 

 
 
 

Fig. 18.  Subject 2 with his relative landmarks (red points) and 
lengths (green lines). 
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3.3 Subject 3 
 
Subject 3 is the first real and healthy 

infant analyzed in this study and in 

Figure 19 is shown his 3D 

reconstruction. Looking to Table 1, 

is possible to notice that is also the 

subject for which the best results 

have been obtained, compared with 

the measurements taken by the 

expert. TL and CC obtained with the 

stereophotogrammetry technique 

are almost equal with the ones taken 

by the expert clinicians. This is not 

true for the H that has an uncertainty 

u=0.7 cm. In this case, the problem 

is related to the fact that the highest part of the head was not clearly visible, because 

the photos of the upper part of the head were discarded by the software.  

This fact can have two reasons:  

• the first one is that probably at the moment of the shot the newborn moved 

his head; 

• the second one is related to the presence of an object (a tube, or simply the 

side of the radiant warmer) that was reflecting the light. 

Despite this, also the H measurement can be compared with the one obtained 

by the expert, because the uncertainty is not higher than 0.7 cm. 

 
 
 

Fig. 19. Subject 3 with his relative landmarks (red points) 
and lengths (green lines). 
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3.4 Subject 4  
 
The 3D reconstruction of 

Subject 4 is shown in 

Figure 20. Is possible to 

notice, looking to Table 

1, that both CC and H 

measurements, obtained 

with the technique 

proposed in this study, 

are comparable with the ones taken by the expert. This is not true for the TL that 

has an uncertainty u>0.7 cm. The problem is related to the fact that the heels were 

not clearly visible from the photos, probably due to the fact that the infant moved 

his feet while the expert was taken the photos. Despite this, due to the fact that the 

uncertainty u obtained with the stereophotogrammetric method exceeds the 

operator’s uncertainty (u= 0.7 cm)  by only 4 mm (u= 0.74 cm), the TL 

measurements of the subject can be comparable with the ones obtained by the expert. 
 

 

3.5 Subject 5 
 
The 3D reconstruction 

of Subject 5 is shown in 

Figure 21 and the 

considerations about the 

obtained results are 

similar with the ones 

obtained in the previous 

case (Subject 4). 
Fig. 21. Subject 5 with his relative landmarks (red points) and lengths 
(green lines). 

Fig. 20. Subject 4 with his relative landmarks (red points) and lengths 
(green lines). 
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Looking to Table 1, is possible to notice that both CC and H measurements, 

obtained with the stereophotogrammetry technique, are comparable with the ones 

taken by the expert. This is not true for the TL that has an uncertainty u>0.7 cm. 

The problem, as in Subject 4, is related to the fact that the heels were not clearly 

visible from the photos, probably due to the fact that the infant was moving his feet 

while the expert was taking the photos. Taking into account that the uncertainty u 

obtained with the stereophotogrammetric method u= 0.85 cm and considering the 

fact that the baby was moving his feet during the photo shots, can be affirmed that, 

also in this case, TL measurements of the subject can be comparable with the ones 

obtained by the expert. 

 

 

3.6 Subject 6  
 
In Figure 22 is 

shown the 3D 

reconstruction of 

Subject 6. The image 

obtained is not clear 

and presents blurs in 

particular at the level 

of the lower limbs 

and of the right arm. 

This is due to the fact that the baby during the shots, although he was sleeping, was 

moving. His small movements were detected by the software, making the 3D 

reconstruction inaccurate in the parts described above. It is also possible to see that 

there is a hole at the level of the head, due to the fact that the expert was unable to 

take photos in that part as the baby started to cry, making it impossible to obtain 

Fig. 22. Subject 6 with his relative landmarks (red points) and lengths (green 
lines). 
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clear photos of that part. Despite the legs were blurred in the 3D reconstruction, 

from the taken photos, it was possible to detect the landmarks necessary to calculate 

the TL. Regarding the CC, there were no problems in finding the necessary 

landmarks; in fact, looking to Table 1, is possible to notice that TL and CC obtained 

with the proposed method are comparable with the measurements obtained by the 

expert (u<0.7 cm). 

This is not true of the height of the infant; in fact the hole above the baby's head 

made it difficult to detect the highest point of the head to obtain height. In this case 

the uncertainty u>0.7 cm. 

 
 
3.7 Subject 7  
 

The obtained 3D 

reconstructions of Subject 

7 is shown in Figure 23; 

from Table 1 is possible 

to notice that the value of  

H, obtained with the 

technique based on 

stereophotogrammetry 

proposed, is comparable 

with the one taken by the expert. This is not true for the TL and CC that have an 

uncertainty u>0.7 cm. As Subject 6, this subject presents blurs in particular at the 

level of the lower limbs, of the left arm and of the back part of the head; due to this 

fact, the heels were not clearly visible from the photos, probably due to the fact that 

the infants moved their feet while the expert was taken the photos. Also the 

detection of the landmark in the back part of the head for the measurement of CC, 

Fig. 23. Subject 7 with his relative landmarks (red points) and lengths 
(green lines). 
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was difficult due to the blurring of the image in that part. Despite this, even if the 

uncertainty u is higher than 0.7 cm both for TL and CC, does not exceed the 0.8 cm, 

these measurements can be comparable with the ones obtained by the expert. For H 

the uncertainty u<0.7 cm. 

 
 
3.8 Subject 8 
 
In Figure 24 is shown the 

3D reconstruction of 

Subject 8. Looking to 

Table 1, is possible to 

notice that the result 

obtained for the TL is 

almost equal to the 

measurement taken by 

the expert, with an 

uncertainty u=0.08 cm; 

also the H obtained with the stereophotogrammetry technique is comparable with 

the manual measurement taken by the physiotherapist, showing an uncertainty 

u<0.7 cm. This is not true for the CC that has an uncertainty u=1.05 cm.  

In this case, “Forehead” and “RightEar” landmarks were easily detected; the 

problem was related to the detection of the third landmark. In fact, the back part of 

the head in which the CC is maximum was not visible, because the baby was resting 

with the head on the mattress, but also the left ear was partially hidden. For this 

reason was difficult to place the third landmark on the left ear, and this caused the 

high value of uncertainty of the CC. 

 

Fig. 24. Subject 8 with his relative landmarks (red points) and lengths 
(green lines). 
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3.9 Subject 9 
 
This is the last subject 

of the study and in 

Figure 25 is shown his 

3D reconstruction. 

From Table 1, is 

possible to notice that, 

all the measurements 

obtained with the 

proposed technique, 

are comparable with 

the ones taken by the expert clinicians (as in the Subject 1); in fact, each parameter 

computed with the proposed method is characterized by an uncertainty u<0.7 cm. 

Notice that in this case, the black parts represented on the image are not holes 

caused by bad photos, reflections of some object or movement of the infant, but are 

some parts of the mattress cut from the 3D reconstruction, in order to detect the 

landmarks in a better way. 

 
 

 

 

 

 
 

Fig. 25. Subject 9 with his relative landmarks (red points) and lengths 
(green lines). 
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CHAPTER 4: Discussion and Conclusion 
 

The aim of this study is to measure some relevant anthropometrical parameters of 

infant, using a non-contact method. The proposed approach relies on the use of a 

smartwatch camera (12 Megapixels) and of a free share software for the 3D 

reconstruction based on the stereophotogrammetry technique.  

Test performed on a cohort of 9 subjects (7 infants and 2 baby dummies) allowed 

to estimate measurements uncertainties of the proposed method (< 0.48 cm). 

This uncertainty allows to perform the measurements with the proposed method 

with sufficient reliability and without any contact of the measurement gage with the 

infant. This latter aspect is particularly relevant for premature neonates exposed to 

the risk of infectious contacts in order to reduce the risk of sepsis.  

From out tests (not reported) and according with literature, the repeatability of the 

expert clinicians is about 0.7 cm, and therefore comparable with the one obtained 

with the proposed method.  

It is worth to observe that the problem with the measure of H is the detection of the 

hip landmark (the blue mark reported in Figure 11), because of the presence of the 

diaper that make the recognition difficult.  

With CC, instead, the problem is different, and is related with the infant’s head 

positions. As described before, for the CC, the landmarks for the measurements are 

three. In Figure 9 is represented the simulator, and in this case, we clearly see all the 

required landmarks: both the ears and the forehead. We can affirm that is almost an 

ideal condition, because in all the real subjects that I analysed, the heads were placed 

in a way in which only two landmarks were easily recognizable, generally the 

forehead and one of the ears. The third landmark was not easy to find because almost 

always an ear was partially visible, or completely hidden, and the only way to 
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measure the CC was to place the landmarks in a point on the back of the head in 

which the CC is maximum. Unfortunately, in some cases, the positioning of the 

third landmark was very difficult to achieve (see Subject 8 on Figure 24 on the 

previous chapter), because the position of the head did not allow us to see clearly 

neither one of the two ears nor the point in the back of the head. 

In Figure 26 are shown the residuals calculated as the differences between the 

measurements made manually by the clinician and the measurements obtained with 

the contact-less technique proposed in my study. From this graph, it is possible to 

note that this method tends to underestimate the anthropometric measures of 

interest, compared to the measures obtained by the clinician.  

 

Fig. 26. On vertical axis are shown the residuals calculated as the differences between the measurements made 
manually by the clinician and the measurements obtained with my proposed contact-less technique. On 
horizontal axis are represented the mean values of the measurements taken with the different modalities 
mentioned above. Red spots represent the residuals of tibial lengths, green spots the residuals of cranial 
circumferences and blue spots represent the residuals of infants height. 

 

In the case of CC, due to the difficulty encountered in identifying the third landmark, 

in six subjects the measures of the CCs obtained with my proposed method 

underestimated that obtained by the expert and vice versa in the remaining 3 
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subjects. The difficulty in identifying the third landmark, and therefore the difficulty 

in obtaining a measure of the CC comparable with that obtained by the expert, can 

also be detected by observing the residual values of the CC (the green points 

reported in Figure 25) which, compared to those of the TL and of H are greater (in 

one case even > 1 cm). 

Future improvements will concern the possibility of obtaining anthropometric 

measurements from the 3D reconstruction of the neonate in a shorter time interval, 

starting from the automation of the recognition of the landmarks. Making this 

aspect automatic, the operator has no longer to manually and singularly select them. 

Another improvement could be the possibility to calculate brain volume. 

In the future, it would be interesting to analyse the growth of the new born. To do 

that it would be necessary to take the new born measurements daily, or to start 

weekly, both manually and using the method proposed in this study.  

In this way, thanks to the parallel use of the two measurement techniques, it would 

be possible to evaluate the sensitivity of the stereophotogrammetric method. In fact, 

due to the fact that considering all the residuals of the taken measurements (TL, CC 

and H), the overall obtained uncertainty is u=0.48 cm, against the uncertainty u=0.7 

cm of the operator, it could emerge that from the manual measures taken by the 

expert the new born did not grow, but from the measures obtained with this method, 

even if minimal, a small growth could be detected. 

Decreasing the uncertainty measurements with respect to the operator’s one and 

eliminating the subjectivity of the measurements taken by this latter, is possible to 

affirm that this stereophotogrammetry technique, applied on the anthropometric 

measurements, offers a valid alternative to the manual measurements performed by 

the experts and presents two fundamental characteristics: is contact-less, allowing 

to measure the parameters of interest by simply taken photos of the subject, without 
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exposing him to the risk of infections, and so is a non-invasive technique, and 

moreover the obtained measurements can be stored, unlike the manual ones that 

once are lost, nothing can be done to recover them. 
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