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Abstract

Extraction of Follow up Parameters of Bone Density
Microwave Sensor from Post Craniotomy and Lower
Extremity Trauma Rehabilitation Measurements
                                                                                                   
George GeorgeThomas                                                                            
                                                                 

Longitudinal microwave based sensor systems facilitates frequent follow ups in
scenarios where healing information is largely missing. An example is neonatal
craniotomy where Computerized Tomography (CT) information is available mostly
before surgery and up to three years after that. In such case, frequent CT’s cannot be
taken due to multitude of reasons ranging from dosage concerns to sheer cost. In this
context, the use of a follow-up modality could substantially improve the quality of life.
Bone Density Measurement Analysis (BDAS) and Complex Fracture Orthopaedic
Rehabilitation (COMFORT) are two such projects dealing with collecting vital
information that will help in addressing the unknown physiological changes. 
Compliant to ethical approvals 200 low extremity trauma patients from Holland and
23 craniosynostosis patients from Sweden, were enrolled in clinical trials for the
COMFORT and BDAS projects respectively. For COMFORT study, itself, it involves
200 (patients) x 3 (low extremity locations) x 5 (Repetition) x 9 (time points) =
27000 data sets. Similarly, the BDAS projects deals with 966 data sets. Microwave
Sensors measure how the signal reflected from target area for a given set of
frequency (1GHz to 3GHz). As can be seen, there is a big volume of data that is
prone to error during repeated measurements and useful information in terms of
mutual variability between test subjects, targets, time points etc. In this study the
follow-up parameters to monitor the physiological changes are identified and are
extracted from the large volume of raw data. This is done by delimiting the initial data
between 2.3 GHz to 2.6 GHz. It was seen from simulation, error estimation and
previous works that the above-mentioned frequency range contains the needed
information. Then the delimited data is averaged for its magnitude and phase with
respect to frequency. An algorithm for finding the minimum value of the averaged
delimited data (resonance) is implemented for the dB magnitude and compared with
respect to time points. A sub function is created to derive the polar coordinates
(absolute magnitude, phase in radiance) and the Cartesian coordinates (in the
complex plane). A preliminary analysis was performed on the processed data and
some basic postulations were made. This work segregates the follow up parameters
from raw data which can be used in future in depth analysis of clinical outcomes. 
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Abbreviation 

 

CT – Computerized Tomography  

MRI – Magnetic Resonance Imaging  

BDAS – Bone Density Measurement Analysis 

COMFORT – Complex Fracture Orthopaedic Rehabilitation 

BMS – Biomedical Microwave Sensors. 

MMG – Microwaves in Medical Engineering Group  

SRR – Split Ring Resonator  

VNA - Vector Network Analyzer. 

ICT – Information and Communication Technology  

BMD – Bone Mineral Density 

DEXA – Dual-Energy X-ray Absorptiometry 

PC – Personal Computer 

GHz – Giga Hertz 

MHz – Mega Hertz 

Pre-Opp – Pre-Operation 

Post-Opp – Post Operation 

VFA – Vector fitting algorithm  

SNR – Signal to Noise Ratio  

RMSE – Root Mean Square Error  
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Introduction: - 

Diagnostic systems such as Computerized Tomography (CT) scan or other based on X-rays are 
very much useful but there is a small risk of developing cancer later in [1], principally in 
pediatric patients. Microwaves are non-ionizing radiations that can be used in longitudinal 
analysis and even in imaging of physiological conditions. Microwave based technologies are 
limited in resolution compared to CT and Magnetic Resonance Imaging (MRI) Microwave 
sensors are less expensive and have less radiation concerns [2]. Therefore, they are promising 
in delivering crucial information related to variation in the bulk tissue on a more frequent basis 
compared to CT and MRI. In cases, such as neonatal craniotomy where CT information is 
available mostly before and after three years of surgery microwave sensors can be administered 
and will improve the quality of life substantially. BDAS [3] and COMFORT [4] are two such 
projects dealing with collecting vital information that will help in addressing the unknown 
physiological changes where other modalities not used or available for continuous follow-ups.   

Microwave sensors take the changes in the dielectric properties of biological tissues as the bases 
for analyzing physiological changes with the time.  Dielectric properties refer to the properties 
of the material that describe the flow of electric energy through the material itself. Different 
parts of the human body constitute different dielectric properties [5]. This concept leads the 
team from Microwaves in Medical Engineering Group, Solid State electronics Division, 
Department of Engineering Science at Uppsala University, to study Bio Medical Microwave 
Sensors (BMSs) as potentially less harmful and portable approach for several medical 
applications [5] [6] [7] [8] [9]. The team is successfully heading with new approaches in 
monitoring the healing of skull bones in neonates after craniotomy [9] as well as monitoring 
the healing of hip fractures [7]. Bone growth in neonates is much faster than in mature people 
and it requires continuous monitoring. Monitoring Osteogenesis under different time interval 
provides vital information about new born skull evolution in neonates to the surgeons. Follow 
up investigation with the latest technology such as radiography or CT scan are difficult. Even 
though the amount of dosage for the CT scan depends up on the weight of the neonate [10], 
exposing more to the harmful radiations during the diagnostics are not encouraged because it 
may lead to disease such as cancer in future. At the same time, it also brings annoyance to visit 
clinics every time for the monitoring of Osteogenesis. 

Developments lead Microwaves in Medical Engineering Group (MMG) to collaborate with 
Akademiska Sjukhuset Uppsala and University of Medical Center Maastricht Netherlands. A 
huge volume of raw data is obtained from the clinical trials. Those raw data are prone to error 
because of repeated measurements as well as differences in the test subjects, targets, time points 
etc. In this thesis work, the follow up parameters to monitor the healing stages are noted and 
extracted from the huge volume of raw clinical data. Also, an algorithm is obtained and 
implemented for data reduction. To derive the polar coordinates and the Cartesian coordinates, 
a sub function is created. Finally, a preliminary analysis is made, an initial hypothesis is 
obtained. For that, data from 23 patients who underwent craniotomy (BDAS project) and 7 
patients from the COMFORT project are gathered. 

The data are collected by means of a high range microwave split ring resonator (SRR) [6], 
which is referred as probe in this work. Operated area or the affected area is called as defect. 
Probe is directly placed on the surface of the defect to obtain the resonance characteristics of 
the microwave reflected signal in frequency domain. These data are then structured through a 
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network analyzer called Bone Mineral Density (BMD) analyzer and stored for further data 
processing. The obtained data is processed in several methods such as data reduction, data 
averaged in frequency response etc. Later the averaged data is processed with the help of a 
vector fitting algorithm. Where the data is fitted with the algorithm to obtain the pole 
information. The shifting of the poles provides more information on healing stages in 
Osteogenesis and Osteoporosis patients. After a preliminary analysis, it is noted that the out of 
23 patients from BDAS project, 5 seems to belong to the same population.  

The upcoming chapters are explained as: - Chapter 2 describes Background works in (2.1) 
BDAS and (2.2) COMFORT. Chapter 3 explains the Materials and Methods. Chapter 4 
provides the results and discussion both in (4.1) BDAS and (4.2) COMFORT. Finally, chapter 
5 brings conclusion (5.1) BDAS and (5.2) COMFORT (5.3) Future work.  
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Chapter 2: - 

Background: - 

2.1 BDAS (Bone Density Measurement Analysis): - 

BDAS is a collaborating project funded by VINNOVA (Swedish National Innovation Agency) 
for Uppsala University, Sweden, Amrita University, India, Akademiska Medical University, 
Uppsala, Sweden, Hytton technologies and EHE Innovations [3]. The main aim of this project 
is to develop a Bone Mineral Density Analysis (BDA) embedded sensor-system that can be 
used to diagnose and monitor the quality and progress of bone healing in patients underwent 
craniotomy as a treatment of Craniosynostosis [3]. The project highlights, with the use of BMS 
in monitoring Osteogenesis, the process of developing and forming of new bone materials [11] 
in neonates. 

2.1.1 Craniosynostosis: - 

Dense fibrous connective tissues mainly consist of protein structure called collagen. The 
structured layer of these fibrous connective tissues constitutes towards fixed joints called 
fibrous joints. The fibrous joints play a very important role in connecting the skull bones which 
refers as suture or cranial suture. Craniosynostosis is defined as the premature closure of the 
cranial suture within the first two years after birth, resulting in skull asymmetry, deformity and 
sometimes mental retardation. The main cause of craniosynostosis is still unknown.  

 

Figure1.The Fetal Skull near the time of birth as well as Normal Skull of a neonatal. [11]  

Figure 1 shows the superior view of a fetal skull near the time of birth as well as normal skull 
of a neonatal. For understanding Craniosynostosis and its appearances more in detail it’s 
necessary to expose the normal skull structure. Figure 2. Show different types of 
craniosynostosis.  
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Figure 2. Different appearances of Craniosynostosis [13] 

Every 1 out of 2000 neonates shows the tendency of developing Craniosynostosis [12]. In 
Sweden, around 80-90 patients reporting the Craniosynostosis every year and it seems to be 
increasing in coming years [12]. 

2.1.2 Diagnosis Procedure: - 

Craniosynostosis diagnosis is done by a physician, by examining physically as well as with the 
help of radiography. A detailed investigation is carried out by means of a CT scan to enhance 
the information regarding skull bone and fused sutures. The four major types of 
Craniosynostosis are Sagittal Craniosynostosis, Coronal Craniosynostosis, Metopic 
Craniosynostosis and Lambdoid Craniosynostosis. Surgical transference that performs the 
excision of irregular cranial growth is called Craniotomy. During Craniotomy, surgeon may 
decide to remove few portions of the skull bones permanently. Once the bone is opened and 
spaced or removed, then that area is marked as defect. It is also true that two or more defects 
may occur in patients who undergo Craniotomy. 

2.1.3 Monitoring of Osteogenesis: - 

After the craniectomy surgery, it is important to investigate the evolution of the skull healing 
in patients. Osteogenesis is the process of formation of new bone materials and its development. 
This formation and development is carried out in different stages. The healing stages are 
estimated depending up on the medical records and clinical monitoring. 

The MMG at Uppsala University proposed an approach to find a healing pattern from a 
continuous change in resonance frequency (or other parameters) on the defect and reference 
area. These changes are monitored from the beginning of surgery (just before the surgery/Pre-
Opp) till completion of the healing. More explanation is provided in methods and measurements 
in chapter 3. 
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2.2 COMFORT (Complex Fracture Orthopaedic Rehabilitation): - 

COMFORT project is carried out by Eurostars, co-funded by EUREKA member countries and 
European Union Horizon 2020 Framework Program [4]. This project is inspired on the number 
of increasing patients undergoing hip fracture every year and on the concern of using X-ray 
based monitoring techniques. In Europe, depending up on aging the volume is increasing and 
every year around 610,000 patients are undergoing hip fracture [4]. COMFORT project is 
embedded with two different technologies. The first technology is based on Information and 
Communication Technology (ICT) called SensiStep and is carried out by UMC Utrecht and 
Evalan. The second one is BDA (Bone Density Analysis), which measures the longitudinal 
bone density via RF (Radio Frequency) waves [4]. This technology is currently developing by 
Uppsala University incorporate with UMC Utrecht. 

2.2.1 Osteoporosis: - 

Patients undergoes hip fracture can be of many reasons. According to COMFORT project, most 
of the patients undergoing hip replacement surgery are reported from Osteoporosis. 
Osteoporosis is defined as the skeletal disorder (disorder of bones), a condition of fragile bone 
that it could be. Because of this, the bone loses its strength and leads to breaking, which turns 
for hip replacement surgery. This disorder may affect to people of all the races. Osteoporosis is 
more proactive in female genders especially in white and Asian races [14]. Around 1.26million 
hip fracture has been recorded in 1990’s [15]. Study states that it will be doubled to 2.6 million 
by the year of 2025 [15]. Similarly, it can be 4.5 million in 2050 [15].  

2.2.2 Diagnosis procedure: - 

A noninvasive medical diagnostic test called Dual-Energy X-ray Absorptiometry (DEXA) [16] 
will provide bone mineral density (BMD) measurements in osteoporotic patients. Figure 3 
shows the differences between a normal hip bone and an osteoporosis stirred bone.   

 

Figure 3. Shows the differences of a Normal as well as Osteoporosis bone [17]. 

Intertrochanteric region facture and femoral neck fracture are the most common two hip 
fractures seen commonly around the group.   The only key solution for the hip fracture is the 
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hip replacement surgery. Focus is drawn more to the post-surgery diagnostics for studying the 
lower extremity rehabilitation.  

2.2.3 Monitoring the lower extremity trauma rehabilitation: - 

Different dielectric properties of the human body parts such as skin, fat, muscle and bone tissues 
lead the implementation of BMS as a non-ionizing radiation diagnostic tool. With the help of 
BMS, the diagnosis and study of the healing hike as well as recovery phases of the patient that 
undergone hip surgery could be done more easily. Diagnostic system as well as data collection 
and analysis procedure are explained widely in Chapter 3. 

 

Chapter 3 Methods and Materials 

3.1 BDAS Diagnostic System: - 

Energy that transit and disseminate is referred as radiation. The field that holds all types of 
electromagnetic radiations from low to high frequencies are termed as electromagnetic 
spectrum. In this spectrum microwave’s ranges from 300MHz to 300GHz. Figure 4 shows 
information about the classification of waves in an electromagnetic spectrum.  

 

Figure 4. The classification of waves in an Electro Magnetic Spectrum 

The microwave signals are non-ionizing signals that are transmitted and received by the means 
of SRR, which is referred as Probe. Figure 5(a) & (b) shows the dimension of SRR sensor as 
well as its simulation. The dielectric properties of a human body vary, for example, skin, fat, 
muscle, bone and tissues are having different dielectric properties. Hence a vital information 
could be obtained by reading the dielectric properties of the human parts by means of a simple 
non-ionizing radiation waves. This concept embedded in a diagnostic system shown in figure 
6. Here the microwave signals are processed through and by the signal processing unit. These 
signals are carried to the probe via coaxial cable. Here the probe, acts as both transmitter and 
receiver. Here the reflection coefficient of the system placed above water, implant, normal, void 
and standalone are shown in figure 7 [6]. This system setup leads to develop a diagnostic system 
that is less harmful, compact and easy to handle and is shown in figure 8. 
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Figure 5 (a). SRR sensor dimension. [6]    Figure5 (b). Sensor simulation. [6] 

 

Figure 6. The diagnostic system. 

 

Figure 7. Reflection coefficient above water, implant, normal, void and standalone. [6] 
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Figure 8. System developed for the diagnosis of osteogenesis and osteoporosis patients 
healing pattern.  

An electronic equipment involved in measuring the magnitude of a signal with respect to 
frequency is known as Spectrum Analyzer. Here the BMD Analyzer acts as a Vector Network 
Analyzer (VNA). The S11 parameters that are composed of magnitude and phase and can be 
measured by VNA. One end of the BMD Analyzer is connected to the probe through an 
instrumentation cable having a length of one meter. The other end is connected to the Personal 
Computer (PC). Software that is loaded in the PC helps to communicate with the BMD 
Analyzer. The signals that are transmitted and received through the probe are stored in the PC. 
Before the measurements, the system is calibrated by connecting open, short and a load of 50 
ohms. The S11 parameters that is obtained are in the range from 0.001 to 3GHz. Time taken for 
completion of one measurement is around 15-20 second and it may vary depending up on the 
shift in frequency.  

3.2 Method and Measurements: - 

Experiencing live Craniotomy provides great maturity in handling, processing 
and bringing a promising data reduction, there by leads to have a better preliminary analysis. 
The Swedish ethical panel provided a special approval for the research study in bone healing 
after Craniotomy in neonates. Dnr: 2016/086, Landstiget i Uppsala Län, is the references 
obtained from the Swedish ethical committee for this research study. Before surgery the neonate 
undergoes CT scan and BDAS Measurements. The reason behind having a CT scan before the 
surgery is to obtain a three-dimensional reconstruction structure which is very helpful in 
performing surgical planning [12]. The measurement with BMS before the operation is called 
as M1 or Pre-operation. Normally the operation duration will be 3-7 hours [18] and it may vary 
depending up to the patient conditions.  
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Figure 9 Craniotomy performed in neonates in the Operating Theater in presence of a 
neurosurgeon. 

Figure 9 shows live Sagittal Craniosynostosis surgery in the operation theater at 
Akademiska Sjukhuset Uppsala. During the surgery, the skin is opened as shown in the figure 
10 and marked with surgical skin marker. Surgical skin marker is embedded with non-toxic 
pigment, used in surgery for marking purpose. These surgical markers are single use and are 
well sterilized.   

 

Figure 10 Superior view of fetal skull of patient that undergoing a Sagittal 
Craniosynostosis surgery.  
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Figure 11. Patient’s skull during a sagittal craniosynostosis surgery [19]. 

The amount of skull bone removal depends up on the type of surgery that the 
patient undergoes [20]. Figure11 [19] shows the superior view of a neonatal skull after 
removing certain amount of skull bones during Sagittal Craniosynostosis surgery. A removed 
skull piece that could be obtained after Sagittal Craniosynostosis surgery is shown in figure 12.  

 

 

Figure 12. The skull bone piece obtained after sagittal craniosynostosis surgery.  

Neonates who involved in this BDAS project are having a skull thickness ranging 
from 1.5-2.5mm. Figure 13 shows, how the measurement of skull bone thickness is carried out. 
In the BDAS project, the average skull thickness of the neonates that undergone surgery is 
found and stated to be 1.63mm.   
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Figure 13 shows the procedure to measure the skull bone thickness after a 
Sagittal Craniosynostosis surgery.  

As a special attention, clinical hygiene must be keep at maximum levels when 
working with clinical measurements trials. As per the BDAS protocol each measurement are 
carried out with a special care and hygiene. Experimental measurements with BMS carried out 
after the operation is referred as M2 or Post-Operation (Post Opp). Figure 14 shows, how the 
measurements performed after surgery (Post Opp/M2). 

 

Figure14.Performing diagnostics after surgery (Post Op). 

Exposing neonates unnecessarily to the harmful radiations are not encouraged 
often by the surgeons, until it’s shown as necessary. If patients show a healthy behavior, then 
the CT scan is conducted only three years after the surgery (as per the BDAS protocol). Each 
patient has their own freedom in walking out from the experimental stages at any point of 
timespan. Currently, there are 23 patients enrolled in BDAS project. From them three patients 
completed one year, nine patients completed six-month measurements. Out of 23, 19 are 
underwent Sagittal Craniosynostosis operation, two Metopic Craniosynostosis and two of them 
Coronal Craniosynostosis.  
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Repeated measurements (three times) are done to the locations (one reference and 
one or more defects). Mostly the reference point will be chosen as on frontal head. During the 
time of measurements, the probe is placed directly in touch with the skin. The placement and 
positioning of the probe is important so to obtain more true values. So, the probe is placed flatly 
and standstill as shown in the figure 15. Figure 15 also shows the diagnostic system performed 
after one week on the patient who underwent Sagittal Craniotomy. The approximate time to 
carry out the entire measurements for one-time line will be 5 minutes, but it can vary 
accordingly to the co-operation of the patients. Normally 3times of repetition measurements are 
conducted in each location. Several measurements are taken from both defect as well as 
reference to improve the significance in attaining most relevant data. The S11 values obtained 
are in the range from 0.1 to 3 GHz along with a frequency resolution of 3.2 MHz [21]. Chapter 
3.2.1 Data Reduction and Data Analysis, provides more information about data handling and 
processing.  

 

Figure 15. Measurement performed after the surgery.  

The BDAS project protocol includes the embedding of seven different time intervals. All 
patients are subjected to seven-time intervals for the completion of their entire experimental 
stage. These intervals are known as M1 (Pre-operation), M2 (Post operation), M3 (1-week), M4 
(1-month), M5 (3-month), M6 (6-month) and M7 (1-year). Figure 16 shows the time line 
structure that used in the experimental stages on healing of skull bone in neonates. 

 

Figure 16: Indicating the Time slots in experimental stages.  

This time structure might be changed in the future protocol, depending on the preliminary 
analysis that is obtained from this work, which is discussed latter in chapter 5.  
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3.2.1 Data Reduction and Preliminary Analysis: - 

The data process format for BDAS are shown in figures in Appendix 1. Flow chart 
represents data handling, processing and analyzing that are shown as: - 
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Every measurement data obtained is in the form of S11(magnitude and Phase) 
values as a function of frequency. These data are stored in PC for further processing. The data 
obtained from BMD Analyzer is from 0.1 to 3 GHz. Obtained data are collected and structured 
for a meaningful act, referred as data reduction. For the ease of handling the data, values from 
1 GHz to 3 GHz frequency range are delimited. The three set of repeating measurements values 
on the same spot are then averaged in to a single set of data. The averaged S11 values are 
considered as the initial points and the eminent resonance frequency is obtained from the 
minimum value from the average S11 data. This is carried out for both the reference as well as 
defect part. Later the obtained minimum averaged values are delimited with in the frequency 
range 2.3 to 2.6 GHz. The frequency range 2.3 and 2.6 are been chosen that is based on the 
previous simulation work [21]. Later these values are stored in a separate data sheet. The 
delimited data are then being plotted in frequency response that are discussed latter in chapter 
4 (Results & Discussions). 

Because of the uncertainty of measurements, the analysis strategy leads to obtain 
the values from phase and that leads in plotting the poles. For that average S11 and phase values 
has been processed to S11 Magnitude, S11 radians, S11 real and S11 Imaginary.  

Since the obtained S11 data are in dB and phase in degree, to find the magnitude of S11 we use 
the equation: - 

𝑆11#$% = 10
())*+
,-  

Similarly, 𝑆11./$01*23422(S11 radians) is calculated as 

𝑆11./$0145*657 = 𝑆11./$01*23422 ∗
𝜋
180 

Since the S11 is in a complex quantity to obtain its real part: - 

𝑆11;1$< = 𝑆11#$% ∗ cos 𝑆11./$0145*657  

And finally, to get its imaginary part: - 

𝑆11@#$% = 𝑆11#$% ∗ sin 𝑆11./$0145*657  

The process of fitting compatible models to the data for the ease of analyzing is 
called as data fitting. The set of rules and process that carried out in data fitting is termed as 
data fitting algorithm. This technique has been used widely in engineering as well as medical 
applications. A robust numerical algorithm to fit a rational function approximation in the 
frequency domain using poles and residues is called as vector fitting algorithm (VFA) [22]. 
Once the S11 real and imaginary is obtained then the values are fitted with the help of a vector 
fitting algorithm. The goal of VFA in BDAS data analysis is to compute a very reality system 
impulse response in frequency domain in form of partial fraction as given in equation1 [23]. 

𝑓(𝑠) ≈ HI	
0KLI

+ 𝑑 + 𝑠ℎ
P

QR)
           (Equation 1) [23]. 

For every system is measured in such a way that the desired signal value should not be greater 
than the noise say error. Such a measure is termed as Signal to Noise Ratio (SNR).  Root Mean 



	
	

19	

Square Error (RMSE) is defined as the differences observed between an estimated model and 
an original model. In BDAS analysis, for each SNR, the modelling error is measured by RMSE 
and is obtained by the equation 2. [23]. 

RMSE = √	()
T
	 𝑇𝐹 #TK)

#R- − 𝑇𝐹XYZ
# 	│,)  (Equation 2) [23]. 

 Preliminary data analysis is performed in taking certain parameters under consideration 
such as age, skull bone thickness, type of surgery the neonates underwent, frequency response 
with respect to S11 and frequency response with respect to Phase. Frequency response graph 
for S11 for all the 21 patients are plotted in chapter 4. During preliminary analyzing the 
frequency response with respect to S11, out of 23 patients, 5 patients follows a trend. While 
correlating this information with respect to surgery that they undergone are also matching. 
Thus, the patients that shows the trend are falls under Sagittal Craniotomy. 

3.3 COMFORT Diagnostic system: - 

 A proper diagnostic system is maintained and carried out for the measurement set up in 
COMFORT project. The data obtained from the diagnostic tool is stored in the PC for latter 
processing. The obtained S11 parameters are in the range of 0.001 to 3GHz. Figure 17 shows 
the diagnostic system used in COMFORT project. Time taken for the completion of one 
measurement is around 15-20 second and it may vary depending up on the shift in frequency. 
One end of the BMD Analyzer is connected to the probe by means of a coaxial cable. The other 
end is linked with the Tablet or PC by means of cable or wireless.  

 

 

Figure 17 COMFORT diagnostic system tool [24]. 
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3.4 Method and Measurements: - 

COMFORT project is embedded with a great hygiene protocol in every stage of 
measurement trials. Every measurements trial is composed of one reference and defect. The 
reference measurement is obtained from the healthy leg (right leg in most cases). Three different 
areas are chosen among the lower part of the body. They are distal, thigh, trochanter. Each time, 
five set of measurements are carried out in these three areas. As per COMFORT protocol, 
patients accomplish the entire experimental stages only when they undergo nine different time 
intervals. The first-time interval is described as M1, conducted two weeks after the hip 
replacement. The rest of the measurements M2 till M9 are carried out in every consecutive 
week and its shown in figure 18. A total of 2700 data sets is obtained from 200 (patients) x 3 
(low extremity locations) x 5 (Repetition) x 9 (time points). That is a huge volume of dataset is 
maintained in a database, which is also included in one part this work. 

 

Figure 18. Time line intervals carried out in COMFORT. 

Only Seven patients are grouped in to this work for Uppsala University. Out of 
seven patients, only three patients were having data with a time interval of more than four 
weeks. So, these three patients are enrolled in the data reduction and delimitation process. 
Simultaneous, few volunteers’ measurements are also included in metadata for the profound 
study for hip fracture healing trend. Involvement of volunteers, contributes more information 
in gathering the penetration depths of microwaves in skin, fat, muscle and bones.  

The placing of probe in each area of measurement is carried out in such a way 
that, no air gap or disturbances should affect. This is performed with the help of a strap or band 
which wrapped around the area along with the probe as shown in Figure 19 (a). Coaxial cable 
of length 1 meter is employed in connecting the probe to the BMD Analyzer.  Normally 
measurements are drawn out from the distal first and then to thighs and then trochanter. Figure 
19 (b) shows the measurement trails conducted from the distal position.  
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Figure 19. COMFORT system for distal position measurements. 

Measurements are done in both defect and reference area. Set of five 
measurements are obtained from each defect and reference area. The information about the S11 
parameters obtained from both the defect and reference are described detailed in the upcoming 
sections. Figure 20 shows the experimental procedure carried out in the thigh area. Similarly, 
the diagnostic system placed on trochanter position is shown in figure 21.    

 

Figure 20. The measurements obtained from thigh position in Osteoporosis patient. 
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Figure 21. Measurement set up for obtaining the values from the trochanter region of 
Osteoporosis patients. 

3.4.1 Data Reduction and Preliminary Data Analysis: - 

During every measurement trials, the S11 parameters that are obtained is stored in PC for further 
processing. The sample format about how a data processed after receiving from the BMD 
Analyzer has been shown in Appendix 2 COMFORT. Five set of S11 and Phase values are 
obtained from the BMD Analyzer. These values are then averaged and noted for the further 
data processing. The average data which is obtained from the five set of measurements shows 
more promising data with less uncertainty. The resonance frequency is obtained by taking the 
minimum value from the average S11 data.  This is performed in both defect and reference for 
all the positions. Latter this preliminarily analyzed data are plotted in chapter 4 as a frequency 
response with respect to S11. All the data is then processed and fitted with a fitting algorithm 
called vector fitting algorithm. The vector fitting algorithm reads S11 values only in real and 
imaginary format. For converting the S11 in to real and imaginary we use certain formulas as 
mentioned: - 

𝑆11#$% = 10
())*+
,-  

Similarly, 𝑆11./$01*23422(S11 radians) is calculated as 

𝑆11./$0145*657 = 𝑆11./$01*23422 ∗
𝜋
180 

Since the S11 is in a complex quantity to obtain its real part: - 

𝑆11;1$< = 𝑆11#$% ∗ cos 𝑆11./$0145*657  

Finally, to get its imaginary part: - 

𝑆11@#$% = 𝑆11#$% ∗ sin 𝑆11./$0145*657  

S11 real and imaginary is calculated for all the positions both for defect and reference in all the 
time intervals. The frequency response with respect to S11 values are plotted and explained in 
chapter 4 - results.  
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Chapter 4 Results: - 

4.1 BDAS Results: - 

 

Figure 22, Data base maintained for all the patients that are involved in the BDAS project.  

The amount of data that are obtained and maintained in this projects are 
confidential and huge, so it is essential that a proper data base management system is maintained 
as shown in figure 22. Creating and maintaining data base for 23 patients along with the Meta 
data is also done in this thesis work. The advantage in maintaining data base is useful for the 
data reduction and analysis, for improving accessed data very accurately and handy. The first 
data sorting is performed, based on the age of the patients. Since limited number of patients 
underwent the experimental study, it is hard to come up with a hypothesis in considering age 
as a strong parameter. But age parameter could consider while enrolling more volume of 
patients subjected to the trials.  The second level of categorization is carried out by extracting 
the surgical type which patients underwent. It is noticeable that 19 patients come under Sagittal 
Craniosynostosis operation, two undergone Metopic Craniosynostosis and two of them Coronal 
Craniosynostosis. Two Metopic and two Coronal Craniosynostosis are not took under 
consideration because of the low volume of patient’s data. Finally considering the 19 patients 
which underwent Sagittal Craniosynostosis, five patients shows a trend that shown in figure 25 
(a - e). A format of saving the Meta data is shown in the Figure 23. Due to the confidential 
norms of BDAS project the patient name as well as personal information is not exposed. But it 
is shared along with the members of the BDAS project.  

There are various reasons where the data is not filled in their respective timeline, which are 
mentioned as: - 

• Patient unwillingness. 
• Faults in instrument. 
• Operators fault. 
• Huge amount of hair grows recorded, after few months of surgery.  
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Figure 23. Meta data format that is stored in the BDAS project data base.  

Meta data along with the results are stored in the data base for all 23 patients. Time line analysis 
for 18 patients is plotted with respect to their S11 values. Each graph is denoted with the 
notation in the heading as “Time line analysis of Patient”. And collectively all the graph is 
termed as Figure 24 (a -r). 

 

 

                                  (a)                (b) 
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                     (c)              (d) 

 

 

  (e)            (f) 

 

 

  (g)           (h) 
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(i)                                                                           (j) 
 

 

                       (k)                                                                                (l) 

 

 

                       (m)                                                                                     (n) 
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                      (o)                   (p) 

 

 

     
                    (q)                 (r) 

Figure 24 (a - r). Follow up data for all the 18 patients. 

Following observations from figure 24 (a-r) are stated as: - 
• Patients P9 and P12 are showing a different trend in the M1 (Pre Opp) when compared 

to others. The Defect and reference measurements are differed because of many reasons 
such as, problem with the instrument or may due to less focusing from the operator side 
etc.  

• Lack of measurements from the time line M1 and M4 till M7 for patients P18, P19, P20 
and P21 are due to many possibilities such as Instrument failure, the recent enrolments 
in the projects, unfocused operator etc. 

•  Except for the patients P9 and P12, all the others having both the defect and reference 
matches in the time line M1. This is also can be the problem in the instrument or 
operator. 

•  Its noticed that certain patients are following some trend that both the defect and 
references are coming together and showing the same value in M4 (1 month). This trend 
is noticed in patients P6, P7, P8, P14, P16, P18 and P19. 
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• Cross checking other parameters of the patients that shows the trend, few of them fallen 
in the same surgical type.  

• Patients that falls under the same Sagittal Craniosynostosis are P6, P8, P14, P16 and 
P19, shown in figure 25 (a-e). 

 

 

Figure 25 (a-e). The frequency responds results of the patients that follow a trend.  

• Trend can be explained as the reference and the defect are converging in one month. 
Conclusion drawn from this is explained in chapter 5. 

• For providing more information regarding the trend, Patient 6 and 8 are chosen for 
detailed study. Time line analysis of patients P6 and P8 are plotted in figure 26. 

• Tracing the healing path for both patients P6 and P8, it is noticeable that P6 having a 
divergent in 3months (M5- 3month measurement) but in P8 both defect and reference 
follows the same path without following the divergent. This divergent can be of many 
causes that is also mentioned in chapter 5.  

• Divergent is visible for P8 during the 6-month measurement, where less deviations are 
noted for P6.  

• In P6, the defect is overlying the reference in M6 and short explanation for this reason 
is given in the conclusion of this work. 
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Figure 26. Patient 6 and Patient 8-time line analysis respect to the resonance frequency. 

For knowing the healing path more in details, a VFA is implemented to plot the poles. A 
combined plotting of all the poles in both defect and references are carried out for patient’s P6 
and P8 are shown in figure 27. Individual pole plotting is also done for the P6 and P8 as shown 
in Appendix 3: BDAS Poles for P6 and P8. 

 

Figure 27. The combined pole information obtained from P6 and P8 

 

Observations carried out while plotting the poles are: - 

• Poles obtained from the vector fitting algorithm bring lot of information regarding the 
healing trend.  This information can only be judged when more data are filled in. 
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• While going through both the analytical methods (resonance frequency and pole 
trajectory plotting), a huge amount of information is needed for making a hypothesis for 
the Sagittal Craniosynostosis patients which is discussed latter in chapter 5.  

Main issues, which are normally faced while conducting the experimental trails are 
considered as challenging and endurance building. It is noticeable that the patients that are 
underwent craniotomy are neonates in a range from one month to one year old. Another 
challenge is the hair growth of the children’s, which leads to create more errors and unstableness 
in the measurement reading. Missing the exact defect spot may also make more uncertainty. 

The second part of data execution is focused on gathering data from 19 new born that comes 
under Sagittal Craniosynostosis. Due to different circumstances, such as patient unwillingness, 
instrument faults etc. affect the data gathering in respective timelines. Total number of 
measurements (defects and references) gathered under different timelines are shown in figure 
28: -  

 

Time Line 

 

M1 

 

M2 

 

M3 

 

M4 

 

M5 

 

M6 

 

M7 

 

Defect 

 

15 

 

27 

 

27 

 

26 

 

18 

 

22 

 

6 

 

Reference 

 

12 

 

 

17 

 

16 

 

16 

 

10 

 

12 

 

3 

 

Figure 28. Measurements gathered under different timeline. 

Second level of preliminary analyze is based on the variability of frequency 
resonance over time lines and standard deviation over time lines. Here time line is considered 
from M1 to M6. Time line M7 is not taken in to account due to less volume of measurement 
obtained. Figure 29 shows the resonance frequency and standard deviation over time lines. The 
mean and the standard deviation of the samples are calculated to describe the populations and 
their standard errors are considered to validate their descriptions. The mean represents the most 
standard point of the sample while the standard deviation says how dispersive the population is 
with respect to the mean. Both estimates are characteristics of the sample for estimating the true 
characteristics of the population.  
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Figure 29 (a) Mean with their corresponding standard error and (b) Standard 

deviations over time line.  
 
Certain Observations from figure 29 (a) & (b) are stated as: - 

• For both the defect and reference, the resonance frequency decreases over time of 
standard deviation.  

• When compared to the reference the decreasing rate is smaller for defect.  
• In mean of samples, the resonant frequency decreases only for the references. 
• At the time point M5 (3 months), defect and reference are not showing any significant 

differences in their mean. 
• But the time points M3, M6 and M7, defect and reference are showing some significant 

differences in their mean.  
• In chapter 5, some discussions are made regarding the observations that are obtained.  
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4.2 COMFORT Results: - 

 

          Figure 30. COMFORT data base maintained for all the patients 

Huge volume of data obtained from the experimental trails are stored and handled 
confidentially. A structured data base is created and maintained for the ease of data handling. 
Data maintained format is shown in figure 30. Several parameters, such as age, gender, length, 
weight and the type of operation are considered while undergoing the first stage of data sorting. 
Considering those parameters are not taken in to account due to the lack of volume of patients 
enrolled in the project. But it will be noticed when the patient’s involvements get high in 
volume. From the figure 30, it is noticeable that only three patients are undergoing more than 
four measurement trial intervals. Considering that factor, the data reduction is done only taking 
in account of three patients, P4, P5 and P7. Original S11 response data in amplitude and phase 
domain is fitted through Rational Approximation (Vector fitting). Poles are extracted and 
plotted on the unit circles. Total 10 Poles and 4 Time lines. Poles are plotted for fracture and 
reference for three different positions on each timeline. Magnitude response and Phase response 
graph are also shown in Appendix 4. The data reduction format and respective pole plotting is 
shown in Appendix 4 “COMFORT Poles plotted for P4, P5 &P7”. It is hard to come up with a 
hypothesis due to small volume of patients involved in the project. A preliminary analysis is 
obtained from the trend, visible from pole plotting in thigh and trochanter position, which is 
shown in figure 31 & 32. The patients included in COMFORT project are above 65 years old 
and thereby the challenges of measurement trial are not as hard as in Craniosynostosis patients. 
But looking in to the other side of age consideration, few times the patients are not willing to 
cooperate because of time consumption and the mood swings. So, the missing data or the 
volume of patients is less due to these assumptions. 
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Figure 31. Pole plotted for Thigh location for P4 

Observations that are carried out from pole plotting for thigh positions are: - 

• The third fracture measurement trial on thigh resembles the second reference thigh 
measurement trial.  

• Similar trend is also visible while plotting the trochanter position, which is shown in 
figure 32.  

• But the trend is not visible in the other two patients. More data are needed to prove the 
trend as a hypothesis.  

• Similarly, the trend is not obtained in the next set of measurements (M4 fracture and 
M3 reference). 
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The pole location on trochanter position for both fracture and reference for patient 4 shows a 
trend as shown in figure 32.  

 

Figure 32. Pole plotted for Trochanter location for P4 

Observations from figure 32 are stated as: - 

• It is noted that the third measurement trial of fracture resembles the second measurement 
trial of reference.  

• Similarly, the fourth measurement trial for fracture resembles the third measurement 
trial of reference.  

• But the second measurement trial on fracture is not as same as the first reference trail 
measurement of reference.  
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Chapter 5 

5.1 Conclusion for BDAS Project: - 

After consulting the medical team about the obtained results and further discussions 
and researches, several statements are shaping as: - 

(i) Due to a high skull bone growth in neonates, a predication may occur stating that in 
one month the bone development may noticeable.  

(ii) Since enough space is provided for the brain growth and thereby the concurrent 
bones may fuse together and act as suture. 

(iii) Depending up on the head positioning patter of the patient (sleeping or holding 
pattern) the adjacent bones fuse to show as a pseudo healing pattern.  

(iv) Lest conclusion may also come in to consideration that the excess amount of edema 
(fluid such as blood or water) accumulated shows less penetration depth of signal.  

(v) The variability in the resonance frequency will be less when muscle could be 
introduced as error.  

 Also, as per the second part of preliminary analysis observation, the variability in the 
resonance frequency will be less when hair could be introduced as uncertainty.  

5.2 Conclusion for COMFORT Project: - 

 By cooperating with the medical team involved in the project, there are certain points 
drawn to approach the hypothesis: - 

(i) The recovery process is happening gradually, but the rate can be determined only 
by having a greater volume of patients in the project. 
 

(ii) One assumption can be made, that the rate of recovery may determine by the 
differences between the current fracture measurements with the previous reference 
measurements.   

  

5.3 Future work.  

For both the projects, a huge volume of patients needed to be enrolled to attain a concreate 
hypothesis. Implementing a soft helmet like cap or stocking is very useful in detecting the 
correct defect spot during measurement trials. It is also important that an uncertainty study is 
needed to implement in entire system. CT scan data from M1 (Pre-operation) will be more 
helpful in analyzing the data very concretely. For getting more trueness in measurements, the 
analyzed data from BMD Analyzer must be compared with the Ultrasound data measurements. 
Finally, for drawing a hypothesis, Ultrasound data and CT scan data must compare with the 
BMD analyzed data. 

More data needed to include to draw a conclusion in Osteoporosis patients. A comparison study 
of measurement trails with few volunteers will bring some strong support in making hypothesis. 
Also, uncertainty study is needed to implement in entire system. 
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Appendix 1 BDAS 

 

(i) Raw data obtained from the BMD Analyzer 

 

(ii) Averaged value obtained after data reduction. 
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(iii) The pre-analyzed data after data reduction. 
 

 

(iv) Format of data obtained after calculating the S11 radians, S11 Magnitude, S11 real 
and S11 Imaginary. 
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Appendix 2 COMFORT 

 
(i) The raw data obtain from the BMD Analyzer. 

 

 
(ii) Format of data obtain the average S11 and Phase values.  
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(iii) Format of analyzed data after the data reduction. 

 

 

(iv) Format of the data that is used as an input for the VFA. 
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Appendix 3 BDAS Poles for P6 & P8 

P6 

 

 

The individual pole plotting (pole trajectory) for the Patient 6 (a-j) 
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P8 

 

 

Pole plotted for the patient P8 (a-j) 
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Appendix 4 COMFORT Poles plotted for P4, P5 & P7 

 

Distal Magnitude response for P4 is shown as: - 

 

 

 

 

Distal Phase response for P4 is shown as: - 
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Pole - Distal Location for P4 (a-j) 
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Distal pole location fracture and references for patient 5 are plotted as follows: - 

 

               a                         b 

 

              c                            d 
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                 i            j  

   

 

Similarly, Distal pole location fracture and references for patient 7 are plotted as follows: - 
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