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ABSTRACT 
 

Non-invasive blood glucose measurement is one of most innovative domain in Biomedical 
Engineering. Multiple methodologies have-been introduced over last few decades to fulfil the 
clinical requirement for non-invasive glucose measurement in human beings, however, without a 
successful breakthrough. This research article uses modulated ultrasound with infrared light-based 
technique to study glucose-induced variations in human blood plasma mixed IntralipidTM phantom 
samples using infrared light of 940 nm and 40 kHz central frequency based ultrasonic transmitter 
unit. The test uses blood samples of 30 study subjects during oral glucose tolerance test and 
fasting, postprandial and random stages based blood glucose tests respectively. The result as 
obtained from oral glucose tolerance tests and fasting, postprandial and random stages blood 
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glucose tests showed peak amplitude values in Fast Fourier Transform domain varies in 
corresponding to blood glucose levels in in-vitro samples. The Bland Altman plot, Error Grid and 
statistical analysis represent the potentiality and feasibility of our technique for non-invasive blood 
glucose measurement.  
 

 

Keywords: Non-invasive; modulated ultrasound; infrared light, IntralipidTM phantom; blood glucose. 
 

1. INTRODUCTION 
 
Diabetic patients need to monitor their respective 
blood glucose levels 3 to 4 times per day. Since 
established techniques necessitate the 
application skin/finger prick needles, there is a 
prodigious requirement for continuous, non-
invasive techniques [1-4]. In last few decades, 
numerous techniques have been explored 
including Near Infrared Spectroscopy [4,5], 
Infrared Spectroscopy [4,5], Raman 
Spectroscopy [4,5], Polarization Spectroscopy 
[4,5], Photo Acoustic Techniques [4,5], Optical 
Coherence Tomography (OCT) [4,5]. However, 
various techniques even after their exhaustive 
exploration suffer from certain difficulties, 
impeding their revolution in this research field. 
Simultaneously, our knowledge about the 
different characteristics of tissue optical 
properties has improved [4-6], moderately due to 
in-vitro experimentations [5] that lead to the 
growth of various types of tissue phantom 
models. Hence, our present study conducted for 
measuring glucose concentration in Human 
Blood Plasma mixed Intralipid Phantom Samples 
by using indigenously developed modulated 
ultrasound and infrared light based technique. 
 
2. MATERIALS AND METHODOLOGY 

FOR In-vitro  BLOOD GLUCOSE 
MEASUREMENT 

 
Zhu et al. [7] and Zhu et al. [8] introduced a 
methodology of using ultrasound modulated 
optical technique for blood glucose-concentration 
determinations. Their in-vitro studies based upon 
the measurement of ultrasonic modulation depth 
through ultrasound modulated scattered light.  
 
They introduced the application of ultrasound 
with light modulation techniques [7,8]. However, 
in this present study, the modulated ultrasound 
exhibits vibrations inside the in-vitro phantom 
samples and the infrared light measures those 
glucose molecule specific vibrations for glucose 
concentration measurement. 
 
When ultrasonic waves with amplitude 
modulation characteristics propagates through 
the in-vitro phantom samples, the molecules 

present within that medium experiences 
vibrations due to the impact of pressure exhibited 
by the amplitude modulating ultrasonic waves. 
The inherent characteristics of molecules existing 
within that in-vitro sample medium effect the 
compressibility factor of the medium. The 
physical properties of the molecules existing 
within that in-vitro medium exhibit the vital role. 
The degree of influence over larger molecules 
are larger and vice-versa [9-18]. 
 
Henceforth, the vibration generated in that in-
vitro sample medium hinge on (a) its three 
dimensional organisations, (b) inherent 
characteristics of the in-vitro sample molecules, 
(c) nature and characteristics of the amplitude 
modulated ultrasonic waves [9-15]. 
 
The ultrasonic standing wave pressure amplitude 
possesses maximum and minimum values two 
times over the space of one unit wavelength. 
Inside the ultrasound-propagating segment, the 
molecules attain area definite ultrasonic potential 
energy owing to their existence in that particular 
domain. The suspended molecules initiate to 
travel and gather adjacently to the area of low 
ultrasonic potential energy. Generally, these 
areas locate nearby to the pressure nodes, 
spaced from each other by half a wavelength 
distances [9-18]. 
 
Afterwards, when the molecular physical 
characteristics is lesser than the wavelength of 
the transmitting ultrasound within the in-vitro 
phantom samples, the foremost radiation force 
(Fr) applied over the molecular volume (Vc), 
located by space (z) starting from the node of 
pressure is measured from the molecular 
ultrasonic potential energy based gradient values 
and scientifically represented as:   

 

F� = − �πp��V
β�(2λ) � .ф(β,ρ). sin(4πz/λ) 
(1) 

 
In this paper, the (Po) signifies ultrasonic peak 
amplitude. ( � ) stands for wavelength of 
ultrasound in that in-vitro sample medium. The 
compressibility of the medium have been 
denoted as (βw), and scientifically represented 
[12,13] as: 
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ф(β, ρ) = [5ρ� − 2ρ�2ρ� +  ρ�
− �β


β�
 ] (2)

 
Here, the molecular compressibility have been 
denoted as (βc). Further, the symbols (ρc) and 
(ρw) represents molecular density and 
suspending segment density respectively [12,13]. 
 

To quantify the specific absorption (A) 
characteristics of the glucose molecules at a 
particular light wave number (v), the famous 
Lambert-Beer law has been introduced and 
scientifically represented as: 
  A(v) = −log I(v)/I((v)  (3)
 

Herein, the (Io) stands for the surrounding area 
light intensity and (I) signifies the particular light 
intensity at specific wave number (v) of the in-
vitro sample measurements [12,13]. 
 

Henceforth, as per Urban et al. [19] and Silva et 
al. [20], we attain the advantage of beam 
formation at the specific frequency of ultrasound 
for focussing the radiation force of energy 
towards the in-vitro optical phantom sample 
mediums. This generates vibration 
characteristics at lower frequencies, for which the 
displacements are adequate enough for 
measurement with the aid of infrared red light 
based techniques accordingly. 
 

In this reported work, the entire observed signal 
undergoes signal analysis through the signal 
processing toolbox of MATLAB. The peak 
amplitude in the FFT (Fast Fourier Transform) 
domain were monitored here to extract glucose 
concentration based embedded information from 
the observed signals as acquired from the in-vitro 
samples. 
 

Our methodology based Instrumental prototype 
descriptions: 
 
Firstly, it contains the explanation about 
ultrasound transmitter, receiver, and LED (Light 
Emitting Diode) light wavelength range tracked 
by the descriptions of our methodology based 
Instrumental prototype. 
 
2.1 Selection of Ultrasound Frequency 
 
In Biomedical Engineering domain, the 
ultrasound transmitter of 40 kHz provides 
significant help in improving (a) fibrinolysis [20-
26], (b) skin-tissue infiltrations [20-26], (c) clot 
removal processes [20-26], (d) thrombolysis [20-
26], (e) remedial of cuts and wounds [20-26]. In 
our application, we have introduced 40 kHz 

ultrasonic transmitter to generate modulated 
ultrasonic pressure waves for generating 
vibration inside the in-vitro samples. Moreover, 
(a) ease of use, (b) clinically safe and acceptable 
[20-26], (c) small heating effects [20-26], and, (d) 
economical rate of 40 kHz ultrasound transmitter 
has driven us for its usage in our application. 
 
2.2 Selection of Light Wavelength 
 
Human blood is a liquid connective tissue and 
consists of multiple constituents within it. 
Moreover, glucose induces very feeble signals. 
The criteria for light wavelength selection must 
be rigid to overwhelm this typical fact. 
 
As per Konig [27], the light wavelength extending 
from 600 nm to 1100 nm often called as the 
“Optical Window” of the living skin-tissue cells. 
Further, the oxy-haemoglobin and deoxy-
haemoglobin exhibits less absorption profile in 
the light wavelength bands extending from 900 
nm to 1100 nm correspondingly. Hence, blood 
oxygenation induced changes will be lower in this 
particular band. 
 
Khalil [28] and Khalil [29] published that the 
glucose molecule shows peak absorption 
characteristics at 939 nm that is very close to 
940 nm. Furthermore, selecting wavelength 
range in between “Optical Window” zone where, 
water, oxy-haemoglobin and deoxy-haemoglobin 
shows less absorption interferences will be 
significant [30]. 
 
Henceforth, we have selected 940 nm based 
infrared light emitting diode of Roithner-Laser-
Technik, Vienna, Austria for our application. 
 

2.3 Fabricated Prototype Descriptions 
 

The Fig. 1 presents the block diagram of our 
technique based prototype (MUS-IR) unit for 
measuring blood glucose levels in the Human 
Blood Plasma mixed Intralipid Phantom based      
in-vitro Samples. 
 

Our method utilizes modulated ultrasound and 
infrared light based optical technique for in-vitro 
measurement of blood glucose levels. The 
modulating signal unit provides modulating sine 
wave signals. The Carrier wave unit provides 
carrier wave signals. Both this signals serves as 
an input to the modulator unit. The modulator unit 
produces amplitude modulated sine wave signals 
to the ultrasound transmitter unit. The Ultrasound 
transmitter unit produces ultrasonic amplitude 
modulated sine waves to the sample holder unit. 
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Fig. 1. Block diagram of our technique based protot ype (MUS-IR) unit 
 
The amplitude modulated ultrasonic waves 
excites the in-vitro samples, as a result different 
constituent molecules vibrates at their specific 
response frequency depending upon their 
weight, shape, size, and properties of the 
medium in which they are present [12-18].  
 
The ultrasound receiver unit cross checks the 
pattern of amplitude-modulated signal waves as 
generated by ultrasound transmitter unit as 
shown in the oscilloscope monitor block in figure 
1 respectively. The synchronous square wave 
generations are-provided to the Infrared light 
source unit, to deliver square wave pulses to the 
sample holder unit. Further, the specific 
vibrations produced due to amplitude modulated 
ultrasonic waves are detected using the infrared 
light and detector unit. The amplified output 
response signal is in the form of synchronous 
square wave signals as shown in the 
oscilloscope monitor block of Fig. 1, which 
carries encoded information about the 
concentration of different constituent molecules. 
This modulated light response signal as collected 
using Infrared light detector are suitably 
processed to extract the information of about the 
blood glucose concentration and then the display 
unit shows the results in mg/dl unit. 
 
3. STUDY SUBJECTS 
 
In total thirty adult subjects (eighteen males and 
twelve females) participated in this OGTT (Oral 
Glucose Tolerance Test) based first phase of 
clinical study. Here, the study subjects are 

healthy, normal (age = 27.3±4.6 years, height = 
163±3.5 cm, weight = 75±4.0 kg human beings. 
Further, in Second phase, thirty more adults 
inclusive of healthy and diabetic subjects 
(twenty-one males and nine females) are-
recruited for measuring blood glucose levels 
during their fasting stage, postprandial stage and 
random stages respectively. Here, the study 
subjects includes healthy normal and diabetic 
subjects of age = 43±15 years, height = 170±5.5 
cm, and weight = 76±5.5 kg. The clinical 
studies reported here are in accordance with                   
the standard ethical procedures and performed 
with the informed consent of all the respective 
study subjects. The Ethical committee of     
Institute of Medical Sciences, Banaras Hindu 
University, Varanasi, approved the clinical                
study. 
 
4. SAMPLE PREPARATION 
 
Researchers regularly examine the NIR (Near 
Infra-Red) glucose concentration in in-vitro 
samples for preliminary investigations before 
proceeding with in-vivo determinations. In this 
aspect, IntralipidTM based optical phantoms 
utilized here to validate various investigational 
objectives. Intralipid suspension main 
constituents are soya bean oil, lecithin, 
glycerin, and water  [31,32]. Commercially, 
available as IntralipidTM10% (10% lipid indicates 
10 g of lipid per 100 ml of suspension ) and 
IntralipidTM20%. The Table 1 depicts the 
constituents of 10% IntralipidTM in a 500 ml bottle 
according to the manufacturer are: 
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Table 1. 10% Intralipid TM suspension 
constituents [31,32] 

 
10% Intralipid TM suspension constituents  

Soybean oil 50 g 53.94 ml 
Lecithin from egg yolk 6 g 5.82 ml 
Glycerin (C3H8O3) 11.25 g 8.92 ml 
Water (H2O) 430.5 g 431.33 ml 
Total Volume 497.75 g 500 ml 

 
For preparing human blood plasma samples, we 
have collected 5 ml of whole blood samples from 
the study subjects in EDTA (Ethylene Di-amine 
Tetra Acetic Acid)-treated blood collecting vials. 
Afterwards, all the collected samples undergoes 
centrifugation process for 10 to 15 minutes. The 
centrifugation process produces supernatant fluid 
portion, which is termed as blood plasma [34]. In 
our proposed work, we have added 1 ml of blood 
plasma sample with the 3 ml of 10% IntralipidTM 
tissue phantom solution to resemble blood-
tissue-phantom medium complex. 
 
5. CALIBRATION 
 
The peak amplitude in the FFT domain 
corresponds to the blood glucose concentration 
in Human Blood Plasma mixed Intralipid 
Phantom Samples. The product of Calibration 
Factor (CF) with the peak amplitude (mV) in the 
FFT domain yields predicted blood glucose 
concentration in mg/dl and scientifically 
expressed here as: 

 )*+,- × /0 = 1234    (4) 
 
Where,  )*+,-  stands for peak voltage amplitude 
(mV) in FFT domain, CF stands for Calibration 
Factor, and PBGL refers to Predicted Blood 
Glucose Level in mg/dl. 
 
6. EXPERIMENTAL PROTOCOL 
 
In this present work, we have performed our 
clinical study in two phases that includes oral 
glucose tolerance test and fasting, postprandial, 
random stage based blood glucose test 
respectively to validate the clinical relationship 
amid the invasive methodology and non-invasive 
methodology applied here. 
 
In first phase, the oral glucose tolerance tests 
were-conducted in the morning over 30 healthy 
subjects after 10-12 hour overnight fasting 
period. The period of each tests has been 2 hour 
and 30 minutes inclusive of baseline monitoring 

after 75-gram glucose solution intake. Both the 
reference and predicted blood glucose levels 
were-recorded every 30 minutes from right and 
left hand respectively. For reference and 
predicted results, we have performed blood 
glucose measurement using established 
GOD/POD (Glucose Oxidase/ Peroxidase) 
method [33] and by our proposed technique 
based MUS-IR unit respectively. During the 
course of the tests, all the study subjects were-
instructed to remain static to reduce the influence 
of motion artefacts. Further, any kind of food or 
liquid intake has been-prohibited. 
 
During the second phase, we have performed 
Blood glucose level tests over healthy normal 
and diabetic subjects during fasting stage, 
postprandial stage and random stage 
respectively. Further, all the blood glucose 
measurements reported in this present work 
was-performed under the controlled conditions of 
temperature and humidity respectively. 

 
7. RESULTS AND DISCUSSION 
 
The present paper describes OGTT (Oral 
Glucose Tolerance Test) and Fasting, 
Postprandial and Random stage based 
experiments as performed by mixing human 
blood plasma with IntralipidTM phantom samples 
during the pilot study. The OGTT helps in 
tracking the effect of 75 gm/100 ml on healthy 
individual glucose metabolism in-between the 
scheduled periods [2-4]. The Fig. 2 describes the 
pattern of OGTT from the Healthy Subject 1 as 
obtained from the healthy normal subject during 
our pilot study.  
 
The fasting stage Blood Glucose Level defines a 
physiological condition, when the concerned 
individual has been restricted from the intake of 
any food items up to 8 to 10 hours [2-4]. 
 
The Postprandial stage Blood Glucose Level 
defines the physiological conditions, when the 
concerned individual has taken food diet two 
hours prior to the blood examination [2-4]. 
 
The Random stage Blood Glucose Level defines 
the physiological conditions, when the concerned 
individual has taken food diet anytime during 
daytime and not in fasting mode [2-4]. 
 
The Fig. 3 describes the fasting, postprandial 
and random stages of the healthy normal subject 
1 and a diabetic subject 5 during our pilot study. 
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Fig. 2. OGTT pattern as obtained from the healthy s ubject 1 during our pilot study; error bar 
indicates ±5 percentage errors 

 

 
 

Fig. 3. Fasting, postprandial and random stage base d blood glucose levels of subject 1 and 
diabetic subject 5 as obtained during our pilot stu dy; error bar indicates ±5 percentage errors 

 
Further, in this section, we have performed 
Clarke and Parkes Error Grid analysis, Bland 
Altman plot analysis and statistical analysis for 
the result investigation purposes. 
 
7.1 Error Grid Analysis 
 
In general, the Clarke and Parkes error grid 
analysis judgementally assess the clinical 
significance of the differences between reference 
and predicted results. In both the error grid 
analysis results in A and B zones are clinically 
significant. Further, results in C to E zones are 
clinically insignificant respectively [35-42]. 
 
The Figs. 4(a), 4(b) and 5(a), 5(b) depicts Clarke, 
Parkes Error Grid Analysis of the blood glucose 

data pair sets inclusive of reference, and 
predicted readings as obtained during OGTT and 
fasting, postprandial and random stage based 
clinical studies respectively. For OGTT based 
study, the Clarke Error Grid analysis shows that 
the percentage of the total data pairs (180) falling 
in zones A, B, C, D, and E are 83.34% (150 data 
pairs), 13.33% (24 data pairs), 00.00% (00 data 
pairs), 03.33% (06 data pairs), and 00.00% (00 
data pairs), respectively. Further, the Parkes 
Error Grid analysis shows that the percentage of 
the total data pairs (180) falling in zones A, B, C, 
D, and E are 83.34% (150 data pairs), 13.89% 
(25 data pairs), 02.77% (05 data pairs), 00.00% 
(00 data pairs), and 00.00% (00 data pairs), 
respectively. Very few results occupy medically 
insignificant C and D zone respectively.  
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(a)       (b) 
 

Fig. 4. The (a) Clarke, (b) Parkes error grid analy sis of the OGTT based reference and predicted 
blood glucose measurements 

 

    
 

(a)       (b) 
 

Fig. 5. The (a) Clarke, (b) Parkes error grid analy sis of the fasting-postprandial-random stage 
based blood glucose measurements 

 
For fasting, postprandial and random based 
study, the Clarke Error Grid analysis shows that 
the percentage of the total data pairs (90) falling 
in zones A, B, C, D, and E are 93.34% (84 data 
pairs), 06.66% (06 data pairs), 00.00% (00 data 
pairs), 00.00% (00 data pairs), and 00.00% (00 
data pairs), respectively. Further, the Parkes 
Error Grid analysis shows that the percentage of 
the total data pairs (90) falling in zones A, B, C, 

D, and E are 95.56% (86 data pairs), 04.44% (04 
data pairs), 00.00% (00 data pairs), 00.00% (00 
data pairs), and 00.00% (00 data pairs), 
respectively. Hence, the Error Grid Analysis 
depicts that maximum data pairs of the 
estimations are in medically significant and 
acceptable A and B zones respectively. Here, 
none of the results occupies medically 
insignificant C to E zone respectively.  
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7.2 Bland Altman Plot Based Analysis 
 
The Bland-Altman plot (difference plot) 
represents the graph-based approach to equate 
two measurement methods. This graphical 
approach depicts the plotting of the differences 
between the two methods versus the mean of the 
two methods. The Bland-Altman plot (parametric 
method) signifies the connection between the 
differences and the mean of two methods to find 
systemic biases [43-45]. Here, the two 
measurement methods indicates the results as 
obtained from Reference (GOD/POD) and 
Predicted (our proposed method) methods 
respectively. As per Bland et al. [44] and Bland et 
al. [45], in this present work, the Bland-Altman 
Plot with the mean of the same two methods on 
x-axis and the differences of the two methods on 
y-axis has-been-plotted [43]. For validating 
successful clinical study, the bias had to be ≤15 

mg/dl (null hypothesis) [46,47]. In this present 
work, the testing of this hypothesis performed at 
overall blood glucose levels as obtained during 
our OGTT and fasting, postprandial and random 
stages based blood glucose measurements.  
Including OGTT and fasting, postprandial and 
random stage based paired data sets; the overall 
Reference blood-glucose range has been 62-300 
mg/dl. 
 
In Fig. 6(a) and 6(b), the dotted red line 
represents the line of equality (difference = 0). 
The horizontal line (dash blue line) and horizontal 
dotted green lines in Fig. 6(a), (b) depicts the 
mean difference line and 95% confidence interval 
of mean differences line respectively. This 
horizontal dotted green lines show the magnitude 
of systemic difference. If the line of equality does 
not present in this interval, it indicates statistically 
significant systemic difference exists. 

 

    
 
(a)        (b) 

 
Fig. 6. Bland Altman plot based analysis of (a) the  OGTT based measurements and (b) fasting, 

postprandial and random stage based measurement of blood glucose levels respectively 
 

Table 2. Bland-Altman plot based analysis of both t he OGTT and fasting-postprandial-random 
stages based blood glucose measurement 

 
Bland-Altman Plot based analysis 
Method A (Predicted method) PBGL (mg/dl) 

RBGL (mg/dl) Method B (Reference method) 
Differences in mg/dl 
Sample size (n number of data pairs) 180 data pairs of 

OGTT 
90 data pairs of 
Fasting-postprandial-random 
stages 

Bias 7.1222 mg/dl 1.6333 mg/dl 
95% CI (Confidence interval) 4.1997 to 10.0447 mg/dl -1.3807 to 4.6474 mg/dl 
P-value <0.0001 <0.0001 
Standard deviation 19.8699 mg/dl 14.3906 mg/dl 
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The limits of agreements (dotted brown lines), 
that states the mean difference ±1.96 times the 
SD (Standard Deviation) of the differences 
respectively. 
 
The Table 2 depicts the result of the Bland-
Altman analysis for paired data sets, 
corresponding to Predicted and Reference blood 
glucose levels. In order to compare the Predicted 
BGL method with the standard Reference BGL 
measurement method, a Bland-Altman plot 
based analysis performed on all paired glucose 
values and utilized to measure bias of glucose 
overall the range of values. The measured bias 
in mg/dl at the overall glucose levels during 
OGTT was found to be (95% Confidence 
Interval) 7.1222 (4.1997 to 10.0447). Further, the 
measured bias in mg/dl at the overall glucose 
levels during fasting, postprandial and random 
stage based tests was found to be (95% 
Confidence Interval) 1.6333 (-1.3807 to 4.6474). 
Based on these outcome, the null hypothesis 
(bias >15 mg/dl) [47] has been rejected and both 
sided P-value (<0.0001) less than the 
conventional 0.05 significance level implies that 
the bias of the overall blood glucose 
measurement has been statistically significant. 
The Standard Deviation (SD) in mg/dl of the 
OGTT and fasting, postprandial and random 
stage based tests, the blood glucose-
measurement differences as per Bland-Altman 
plot based analysis has been ±198699 mg/dl and 
±14.3906 mg/dl respectively.  
 
As per Clarke et al. [36] and Wentholt et al. [48], 
the positive and negative bias signifies 
overestimation and underestimation of actual 
blood glucose levels respectively. In this present 
work, negative bias signifies underestimation of 
Reference Blood Glucose Levels by our 
proposed technique based Predicted Blood 
Glucose Levels. Hence, the Bland-Altman plot 
analysis depicts statistical significance of our 
overall blood glucose-measurement during 
clinical studies. This phenomenon directs 
towards the capability of our technique based 
prototype unit to perform blood glucose 
measurement in human subjects. 
 

7.3 Overall Statistical Analysis 
 
The Table 3 depicts our performance 
assessment values as acquired during OGTT, 
fasting, postprandial and random stage based 
blood glucose measurement results comparison 
with other Non-invasive Techniques, and 
Continuous Glucose Monitoring System(s) 
(CGMS) based published data ranges. The 

OGTT analysis based performance metrics 
errors such as MAE (Mean Absolute Error), 
MdAE (Median Absolute Error), and RMSE (Root 
Mean Squared Error) values were 12.77 mg/dl, 
06.00 mg/dl, and 21.06 mg/dl respectively. 
Further, fasting, postprandial and random stage 
centred blood glucose analysis based 
performance metrics errors such as MAE (Mean 
Absolute Error), MdAE (Median Absolute Error), 
and RMSE (Root Mean Squared Error) values 
were 07.88 mg/dl, 05.00 mg/dl, and 14.40 mg/dl 
respectively. 
 
Similarly, the OGTT analysis based performance 
metrics based percentage errors such as 
Percentage-MARE (Percentage of Mean 
Absolute Relative Error), and Percentage-
MdARE (Percentage of Median Absolute 
Relative Error) values were 13.89%, and 05.14% 
respectively. Further, fasting, postprandial and 
random stage centred blood glucose analysis 
based performance metrics based percentage 
errors such as Percentage-MARE (Percentage of 
Mean Absolute Relative Error), and Percentage-
MdARE (Percentage of Median Absolute 
Relative Error) values were 05.20%, and 03.24% 
respectively. 
 
Correspondingly, the SEP (Standard Error of 
Prediction) and Pearson’s Correlation Coefficient 
(r) values of OGTT based analysis were 18.87 
mg/dl and 0.73 respectively. Further, the SEP 
(Standard Error of Prediction) and Pearson’s 
Correlation Coefficient (r) values of fasting, 
postprandial and random stage centred blood 
glucose-analysis were 14.46 mg/dl and 0.97 
respectively. Further, as depicted from Table 3, 
the output results obtained by our proposed 
technique are better than or comparable with 
other non-invasive blood glucose monitoring 
techniques. Further, its accuracy levels are also 
akin with other commercially existing Continuous 
Glucose Monitoring System(s). Hence, all these 
overlaid accuracy measures based statistical 
analysis depicts the strong promising aspect of 
our technique for non-invasive blood glucose 
measurement in the human subjects.  
 
Further, the Table 4 depicts the statistical 
parameters for error prediction during OGTT. 
The SEP, RMSE value extends from 11.56 mg/dl 
to 17.85 mg/dl, and 20.98 mg/dl to 21.01 mg/dl 
respectively. The MAE and MdAE value ranges 
from 12.57 mg/dl to 13.14 mg/dl and 5.00 mg/dl 
to 7.00 mg/dl respectively. Further, the %MARE 
and %MdARE values extends from 9.80% to 
18.43% and 3.64% to 7.62% respectively. 
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Table 3. Performance metrics based statistical anal ysis 
 

Statistical parameters for error 
prediction  

Assessment values  Published data 
ranges of other 
developing 
noninvasive blood 
glucose monitoring 
techniques [47-76]  

OGTT based 
blood glucose 
measurement 
results 

Fasting -postprandial -
random stage based 
blood glucose 
measurement results 

Pearson correlation coefficient 
(R-Value) 

0.73 0.97 00.49 to 00.95 

Standard error of prediction 
(SEP) 

18.87 mg/dl 14.46 mg/dl 07.10 to 35.30 mg/dl 

Mean absolute error (MAE) 12.77 mg/dl 7.88 mg/dl 07.00 to 30.00 mg/dl 
Median absolute error (MdAE) 6.00 mg/dl 5.00 mg/dl 10.40 to 19.10 mg/dl 
Root mean squared error 
(RMSE) 

21.06 mg/dl 14.40 mg/dl 25.00 to 46.00 mg/dl 

Percentage of mean absolute 
relative error (% MARE) 

13.89% 5.20% 08.60 to 40.80% 

Percentage of median absolute 
relative error (% MdARE) 

5.14% 3.24% 07.70 to 30.00% 

 

Table 4. Statistical parameters for Error predictio n during OGTT 
 

Statistical parameters 
for error prediction 

Assessment Values of OGTT  
00:00 
minute 

00:30 
minutes 

01 hour :00 
minute 

01 hour : 
30 minutes  

02 hours : 
00 minute 

02 hours : 
30 minutes 

Standard error of 
prediction (SEP) 

13.98 mg/dl 11.56 mg/dl 14.89 mg/dl 16.65 mg/dl 12.52 mg/dl 17.85 mg/dl 

Root mean squared 
error (RMSE) 

21.01 mg/dl 21.05 mg/dl 20.98 mg/dl 21.01 mg/dl 21.08 mg/dl 21.18 mg/dl 

Mean absolute error 
(MAE) 

13.14 mg/dl 12.74 mg/dl 12.60 mg/dl 12.76 mg/dl 12.80 mg/dl 12.57 mg/dl 

Median absolute error 
(MdAE) 

7.00 mg/dl 5.50 mg/dl 6.00 mg/dl 6.00 mg/dl 6.00 mg/dl 5.00 mg/dl 

Percentage of mean 
absolute relative error  
(% MARE) 

18.43% 14.92% 9.80% 9.97% 14.31% 15.89% 

Percentage of median 
absolute relative error  
(% MdARE) 

7.62% 5.55% 3.64% 4.03% 5.58% 5.47% 

 

Table 5. Statistical parameters for error predictio n during fasting, postprandial and random 
stages 

 

Statistical  parameters for error 
prediction 

Assessment values at different stages  
Fasting stage  Postprandial  stage  Random stage  

Standard Error of Prediction (SEP) 14.69 mg/dl 15.07 mg/dl 14.54 mg/dl 
Root Mean Squared Error (RMSE) 14.22 mg/dl 14.68 mg/dl 14.32 mg/dl 
Mean Absolute Error (MAE) 7.47 mg/dl 8.13 mg/dl 8.03 mg/dl 
Median Absolute Error (MdAE) 4.50 mg/dl 5.00 mg/dl 5.00 mg/dl 
Percentage of Mean Absolute Relative 
Error (% MARE) 

5.99% 3.88% 5.73% 

Percentage of Median Absolute Relative 
Error (% MdARE) 

3.56% 2.39% 3.45% 

 
The Table 5 depicts the statistical parameters for 
error prediction during fasting, postprandial and 
random stages. The SEP, RMSE value extends 
from 14.54 mg/dl to 15.07 mg/dl, and 14.22 mg/dl 
to 14.68 mg/dl respectively. The MAE and MdAE 

value ranges from 7.47 mg/dl to 8.13 mg/dl and 
4.50 mg/dl to 5.00 mg/dl respectively. Further, 
the %MARE and %MdARE values extends from 
3.88% to 5.99% and 2.39% to 3.56% 
respectively. 
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8. CONCLUSION 
 
In this paper, we depicted the feasibility of the 
modulated ultrasound and infrared light based 
technique for blood glucose measurement in in-
vitro intralipid mixed blood samples. The in-vitro 
results produce promising results.  
 
Moreover, the Error grid analysis, Bland Altman 
plot, and Statistical Analysis depicts the 
acceptable efficiency of the proposed technique 
in measuring blood glucose levels in in-vitro 
samples as obtained during OGTT and fasting, 
postprandial and random stages respectively. 
 
Henceforth, our proposed technique is reliable to 
measure blood glucose concentration in 
IntralipidTM and human blood plasma mixed 
samples. Positively, this technique will be helpful 
in developing non-invasive glucometer in near 
future. 
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