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Abstract

Bioelectrical impedance analysis (BIA) is a noninvasive and commonly used method for the
assessment of body composition including body water. We designed a small, portable and wireless
multi-frequency impedance spectrometer based on the 12 bit impedance network analyzer
AD5933 and a precision wide-band constant current source for tetrapolar whole body impedance
measurements. The impedance spectrometer communicates via Bluetooth with mobile devices
(smart phone or tablet computer) that provide user interface for patient management and data
visualization. The export of patient measurement results into a clinical research database facilitates
the aggregation of bioelectrical impedance analysis and biolectrical impedance vector analysis
(BIVA) data across multiple subjects and/or studies. The performance of the spectrometer was
evaluated using a passive tissue equivalent circuit model as well as a comparison of body
composition changes assessed with bioelectrical impedance and dual-energy X-ray absorptiometry
(DXA\) in healthy volunteers. Our results show an absolute error of 1% for resistance and 5% for
reactance measurements in the frequency range of 3kHz to 150kHz. A linear regression of BIA
and DXA fat mass estimations showed a strong correlation (r2=0.985) between measures with a
maximum absolute error of 6.5%. The simplicity of BIA measurements, a cost effective design
and the simple visual representation of impedance data enables patients to compare and determine
body composition during the time course of a specific treatment plan in a clinical or home
environment.
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1 Introduction

Over the past decade advances in sensors and mobile device technologies offer high quality
signals, advanced computing, compact form factors and wireless networking capabilities at
low cost, facilitating monitoring of physiological signals for diagnostics and therapeutic
interventions.

Undernutrition is a prevalent syndrome generally in elderly and children especially in
developing countries [1]. Although undernutrition can be assessed using anthropometric
measures, such as changes in weight or body mass index, waist circumferences, waist-to-hip
ratio, mid-arm circumference, or skin fold thickness, they are often difficult to interpret in
clinical practice due to a lack of reference data for specific populations or ethnic groups.
Anthropometric measurements are simple and inexpensive procedures but a large variety of
reliability among studies was found [2].

Anthropometric measurements are commonly used as proxy measures for body composition
assessment in clinical practice. In recent decades, computer tomography, magnetic
resonance imaging, and dual-energy X-ray absorptiometry (DXA) have been developed as
new clinical standards to assess body composition [3]. While DXA has increasingly been
used as a reference standard to estimate body composition [3, 4], these methods require
costly clinical environments, well trained medical personnel and are not applicable for
frequent ambulatory monitoring of children or elderly in their natural living environment.

Bioelectrical impedance analysis (BIA) is a noninvasive, safe, inexpensive and portable
technique for rapid assessment of body composition and body water that requires minimal
patient collaboration. A detailed review of the technology has been published recently by
Lukaski et al.[5].

BIA measures the voltage and phase angle of a signal generated by injecting a small
sinusoidal electrical current at a single or multiple frequencies into the body, typically from
hand-to-foot and computes the complex impedance values, with the real part of the
impedance representing resistance (R) and imaginary part the reactance (Xc). It is well
known that the volume of a homogeneous conductor with uniform cross-section can be
computed based on its length, specific conductance and resistance. Although the human
body is not an object with uniform cross-sectional area or constant conductivity, semi-
empirical relationships between impedance, height and body mass have been established [6].
These predictive equations are often obtained from linear regression analysis using cross-
validated DXA and body composition data obtained from specific populations in which they
are valid [7]. Using this approach Kyle et al. derived a set of equations to estimate the fat-
free mass (FFM) from BIA measurements with a correlation of r=0.986 compared to DXA
in 343 healthy subjects aged 20-94 [8].

Multi-frequency analysis is used to determine extracellular (ECW) and intracellular water
(ICW) based on a simple model of a purely capacitive membrane separating a resistive intra-
and extracellular space. Therefore ECW can be estimated from the impedance at low
frequency and total body water (TBW) from the real component of the impedance at high
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frequency where the capacitive effect of the cell membrane can be neglected [9]. ICW can
be calculated from the difference between TBW and ECW.

In contrast to BIA, bioelectrical impedance vector analysis (BIVVA) does not require any
assumption about body geometry, electrical tissue models or regression analysis [10]. In the
BIVA representation body composition is described as a vector with resistance (R) as the
abscissa, and reactance (Xc) as the ordinate, normalized by the subjects height (H). The
individual BIVA vectors are quite often displayed with the bivariate ellipsoidal 95th, 75th
and 50th percentile confidence intervals (tolerance ellipse) of a normal healthy reference
population in a two dimensional coordinate system with abscissa R/H (€2/m) and ordinate
Xc/H (Q/m). Bosy-Westphal et al. published reference BIVA standards of vector
distributions according to sex, BMI and age in large populations of white children,
adolescents and adults [11].

With the introduction of smart phones, new mobile applications are developed to aid in
health management and offer guidance for a better healthy living. Professional caretakers are
using smart phones frequently in making decisions to improve the outcomes of clinical care
[12]. The integration with smart mobile devices offer ubiquitous network access that
provides a path for data synchronization with a centralized database and facilitates
immediate feedback from health care providers for longitudinal monitoring, guidance and
intervention in a clinical or home environment (Fig. 1).

To achieve a wider use of BIA/BIVA applications we developed a portable, low cost, battery
operated and rugged multi-frequency impedance spectrometer. The spectrometer is tethered
wirelessly to a smart phone or tablet computer and runs BIA and BIVA graphical
applications to promote the use of BIA technology by patients and health care providers
with limited training (Fig. 2).

2 Hardware

The platform consists of an ARM cortex-M4 microprocessor (STM32F415,
STMuicroelectronics). The cortex-M4 was selected since it offers a good balance between
power consumption and computational power. Further, the integration of a floating point unit
and limited DSP instruction set creates a powerful controller for bioelectrical impedance
measurements and signal processing (Fig. 3).

The hardware is placed in a dust- and water-protected (IP54) enclosure (OKW Enclosures
Inc., USA) to ensure proper device functionality in harsh environments (Fig. 2). The
integration of wireless charging provides patient safety while maintaining low circuit
complexity and improved ruggedness of the spectrometer due to the galvanic discontent
between the charging device and mains. The only wires leading into the enclosure are the
patient lead wires which can be sealed hermetically.

Communication to the mobile device is established via a Bluethooth v2.1 connection and
allows for the setting of measurement parameters, like excitation amplitude, start and stop
frequency and frequency increment. Upon completion of the measurement sequence the
recorded impedance for each frequency is transferred to the mobile device. At all times it is
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ensured that the measurement parameters are within functional and safe limits by the
spectrometer firmware.

2.1 Analog Front-End

The analog front-end is built around a high precision digital impedance network analyzer
AD5933 from Analog Devices. The AD5933 is a fully integrated impedance analyzer with a
build in frequency generator that allows for the determination of an impedance over a wide
range of selectable frequencies. A 12-bit analog to digital converter (ADC) samples the
input signal at a rate of IMSPS and an integrated DSP applies a discrete Fourier
transformation (DFT) to the digitized input signal and returns real and imaginary
components. These features combined with the ease of programming via 12C bus makes the
AD5933 an excellent component for a smart bioelectrical impedance analyzer.

A precision wide-band constant current source was designed to overcome output impedance
limitations and to allow for precise tetrapolar impedance measurements. The complete
circuit diagram is shown in Fig. 4. Most instrumentation amplifier based constant current
sources provide relatively high output impedance and high common mode rejection ratio
(CMRR) at lower frequencies. However bandwidth, slew rate and CMRR limitations make
them an inadequate choice for precision high frequency constant current sources. The
differential receiver amplifier AD8130 from Analog Devices offers high CMRR (80dB @
2MHz) at high frequencies and has been successfully used for bioelectrical impedance
measurements [13, 14].

This amplifier has a comparatively high input bias current of maximal A+3.5uA. This poses
a problem since it affects the output current for small excitation signals and prevents
accurate impedance measurements. However this can be overcome by adding a unity gain
amplifier (Fig. 4, IC2-A, OPA2836) into the feedback path. Furthermore to allow for single
supply operation of the current source as well as for purely capacitive or ac coupled loads a
dc stabilization loop (Fig. 4, 1C2-B, OPA2836) was introduced. The cut-off frequency of the
dc stabilization loop was chosen small enough (below 0.5Hz) to have a negligible effect on
bioelectrical impedance measurements.

To achieve a fully bipolar current source the output can be ac coupled by replacing resistors
R7 and R8 with suitable coupling capacitors. The maximum possible output current with
this design is limited by the maximum output voltage swing of IC1 and current sense resistor
R5 to 1.7mARMs-

3 Software

The mobile application was developed using Android operating system (Google & Open
Handset Alliance, Ice Cream Sandwich, API level 14) and provides management of patient
record, archiving of data, impedance spectrometer device controls and visualization of BIA/
BIVA measurements.

Patient record and anthropomorphic data for each visit are saved in conjunction which each
BIVA measurement in a relational database. Hence, the health care provider and patient can
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track the patient’s performance over a prolonged period for early diagnosis or adjustments to
treatment plans.

BIVA measurements are displayed in confidence ellipses that are specific for a certain
reference populations which are based on the work of Picolli et. al. [15, 16], (Fig. 2).

An export into a Research Electronic Data Capture (REDcap) [17] database allows for the
aggregation of measurements across multiple devices and studies and allows for monitoring
larger patient groups at multiple locations or the creation of new reference population data
sets.

An integrated software update mechanism ensures that devices run the most recent mobile
application such that the hardware does not need to be recalled and the operator benefits
from new features, such as updated reference population database or different protocols and
algorithms to determine body composition.

4 Hardware Validation

4.1 Hardware Performance Evaluation

To evaluate the performance of the bioelectrical impedance spectrometer we used a tissue
equivalent model with 2 resistors representing the extra- and intracellular space and 1
capacitor representing the cell membrane [9]. The resistor and capacitor values were
determined by fitting whole body impedance values at different frequencies to the equivalent
circuit model. The impedance data for the model corresponds to a healthy 20-35 year old
male adult. The model values obtained are a resistance R1=5490 (extracellular) in parallel
with a series combination of capacitance C=2.2nF and a resistance R2=1098(2
(intracellular). All utilized resistors had tolerances of 0.1% and 1% for the capacitor. Prior
the performance evaluation the spectrometer output was calibrated in the frequency range of
1kHz to 300kHz with 1kHz increments using a 5002, 0.01% calibration resistor.

Measurements from the multi-frequency impedance spectrometer were validated using the
tissue equivalent model at 22 different frequencies between 1kHz and 300kHz. The upper
frequency limit was chosen higher than the recommended maximum of AD5933 (100kHz)
to fully evaluate the limitations of this impedance spectrometer. A measurement consists of
data obtained at 22 frequencies and after each measurement the lead wires were repositioned
to account for capacitive coupling between leads. Based on 20 measurements we computed
mean, percentage error and standard deviation. Furthermore, during each measurement we
fitted impedance values in the frequency range between 3kHz and 150kHz to a circular
impedance locus using a least mean square estimator and determined the Cole parameters,, a
and v [18, 19]. Using these Cole parameters, impedance values and errors were determined
for each measurement over an extended frequency range from 1kHz to 3MHz.

4.2 Body Composition

We conducted a study where 9 healthy volunteers with median age 53 (lower-upper quartile:
36.8 — 70.3) years underwent DXA. DXA, impedance measurements, weight and height
were taken the same day. Body height was measured within 0.5cm using a calibrated wall-
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mounted stadiometer (Perspective Enterprises, Portage, MI). Body weight was measured
within 0.1kg using a calibrated beam platform scale (Detecto-Medic, Detecto Scales, Inc,
Northbrook, IL) with participants wearing light clothing and no shoes. The scans were
completed with a whole body DXA (Lunar Prodigy; GE Medical Systems, Madison, WI,
USA) in supine position and body composition (fat and fat-free mass) was calculated using
manufacturer provided software. Directly after the DXA scan without any change in position
whole body impedance was measured. Based on the impedance values at 50kHz the subjects
fat free mass (FFM)(1) and fat mass (FM)(2) was estimated using an empirical prediction
algorithm proposed by Kyle et al. [8]. The measurements were performed using Ag/AgCl
gel electrodes (3M, Red Dot Monitoring Electrode) and standard tetrapolar electrode
placement on the back of the patient’s hand and foot [20]. The sensing electrodes were
placed at the levels of the prominent bones on the dorsal face of the wrist and ankle. The
current injecting electrodes were placed 5 cm distal from the sensing electrodes. The
preparation and cleaning of the skin with alcohol, the use of pre-gelled electrodes, and
standard placement at well defined anatomical points minimizes the error introduced by
variances in electrode position and electrode-skin interface impedance [20-22].

Height(cm)®
FFMk:g:_4,104+0,518.M—FO.Z?& Weight(kg)+0.130- Reactance+4.229-Sex(men=1, women=0)
Resistance
()
FFM(k
FM%:(1—J) « 100%
Weight(kg) )

To characterize the relationship between impedance based and DXA fat mass estimates, we
used a simple linear regression model, means and differences.

4.3 Body Water Changes

Body water is important for cell and circulatory body functions, it’s maintenance and control
is critical in renal failure patients, heart failure patients and patients with hypertension. Salt
and volume regulation are closely related and are affected by salt intake and water
consumption [23]. Impedance techniques could be used to monitor body water retention
during diuresis or low salt diets.

To determine changes in the ECW and ICW during different amounts of daily sodium
intake, we obtained data from one healthy female (39 years, 163cm height, 71kg weight) on
a low (LS, 10 mE Na+ per day), normal (60 mE Na+ per day), and high sodium diet (300
mE Na+ per day). After 6 days on each diet, impedance measurements were taken at the
same anatomical position of left wrist and left ankle in supine position in the morning after
an overnight fast.
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TBW and ECW at 100kHz and 5kHz were calculated based on the semi empirical formulas
obtained by Deurenberg et al. through regression analysis [24](3,4).

Height(cm)?
ECW 1,=2.53+0.18903 - Height(em)” | 06753 - Weight(kq)—0.02 - Age

5kHz

Height(em)?

TBW 1,4=6.69+0.34573 +0.17065- Weight(kg)—0.11- Age+2.66-Sex(men=1, women=0)

100kHz=

(4)

These formulas are based on the fact that the injected current at lower frequencies is unable
to couple effectively across the capacitive cell membrane. This has the implication that body
impedance measured at low frequency is mostly affected by the extracellular water. For
higher frequencies the cell membrane couples more efficiently and intracellular currents lead
to a larger contribution of the intracellular resistance. Hence, the body impedance at high
frequencies is dominated by a parallel configuration of intra- and extracellular resistance
[25, 26]. This concludes that impedance measurements at different frequencies can be used
as a proxy for total body, intra- and extracellular water.

All applicable institutional and governmental regulations concerning the ethical use of
human volunteers were followed during these studies, in accordance with the ethical
principles of the Helsinki-11 Declaration. All participants signed an informed consent
document approved by the Vanderbilt University Institutional Review Board.

5 Results

5.1 Hardware Performance Evaluation

The mean resistance and reactance values at different frequencies obtained from our tissue
equivalent model are plotted in Fig. 5. Resistance measurements show a nearly constant
error of less than A+1% across the frequency range from 3kHz to 300kHz. Further, the
resistance exhibits a standard deviation of 0.01% for frequencies between 3kHz and 175kHz
and approaches 0.017% at high frequencies. The reactance measurements exhibit a slightly
larger error of £5% in the frequency range between 4kHz and 150kHz which significantly
increases at low and high frequencies and has a maximum of —15% at 300kHz. The standard
deviation of the reactance closely follows those of the resistance measurements up to a
frequency of 100kHz but increases nearly 10 fold toward both ends of the spectrum. The
impedance spectrometer did not produce reliable impedance measurements for frequencies
of 1kHz and 2kHz.
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The resistance values derived from the Cole estimation exhibit a maximum error and
standard deviation of £0.2% and 0.06%, respectively, over the extended frequency range
from 1kHz to 3MHz. For the reactance estimation, the error (standard deviation) exhibits a
minimum of 0.4% (0.08%) at 50kHz but increases to a maximum of 3.5% (1%) at 1kHz and
3MHz.

5.2 Body Composition

We compared body FM estimation using BIA and DXA. The results indicate that there is a
strong correlation (r2=0.985) between the measures (Fig. 6). The null hypothesis of the slope
equal zero was rejected with a p-value of less than 0.0001. The largest deviation of the FM
from the reference standard was 4.8% which corresponds to an absolute error of 6.5% with
respect to the subjects total body weight. Further for the majority of the measurements (8 out
of 9) the BIA estimation showed a tendency to underestimate FM compared to DXA
measurement in this subject group with a mean (median) bias of 2.62% (2.79%).

5.3 Body Water Changes

Fig. 7 shows changes of impedance and reactance (Fig. 7-left) and estimation of TBW and
ECW using multi-frequency impedance (Fig. 7-right) during low, normal, and high sodium
diet in a healthy subject. The results demonstrate that increasing sodium load causes
impedance and reactance changes towards the direction of more hydration in the BIVA
graphical representation. Further the estimates of ECW and TBW increased with increasing
sodium load as expected.

6 Discussion

Utilizing an integrated programmable impedance network analyzer allows for a simple and
low cost circuit design to measure the impedance over a range of frequencies particularly
suited for BIA assessments. The multi-frequency impedance spectrometer shows a
significant higher error at low frequencies. This is an expected behavior of the AD5933
since the integrated circuit is driven with a 16MHz system clock, which results in a 1IMSPS
sampling rate. Therefore, the period of an input signal at low frequencies is not fully
captured by the 1024 point DFT and spectral leakage becomes a significant source of errors.
If necessary the lower frequency limit can be reduced by scaling the system clock frequency.
However, this will directly impact the sampling frequency of the ADC and therefore
significantly limits it’s measurable frequency range and use for BIA applications.

The AD5933’s internal low pass filtering (fc~100kHz), before analog to digital conversion,
restricts the upper frequency limit of this impedance spectrometer [28]. Therefore, it is
expected that the measurement error will increase above 100kHz due to the reduced
sensitivity. Our measurements have shown that accuracy for resistance measurements stay
below +1% for a frequency range of 3kHz-300kHz and +5% (3kHz to 150kHz) for
reactance measurements. Hence, the suitable frequency range for this impedance
spectrometer with respect to BIA/BIVA application is 3kHz to 150kHz. Measurements
outside this range raised some controversy about the effectiveness of impedance
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measurements to determine body composition due to limited reproducibility [6, 29] and
effects of electrode mismatches at these frequencies [30].

These hardware limitations can be overcome by utilizing a least mean square approximation
of multiple impedance measurements at different frequencies to a tissue equivalent circuit
model. Using this estimation the error for the resistance and reactance determinations could
be reduced to less than 0.2% and 4% respectively at high and low frequencies over an
extended frequency range from 1kHz to 3MHz. The algorithm is sufficiently simple to be
implemented directly on the microcontroller for real-time estimation of and.

There is an extensive body of literature showing that anthropometric measures do not
provide accurate information about body fat in all populations, especially in children, elderly
and athletes [31-33]. Although, we did not validate the device in children and athletes, we
have shown that our impedance spectrometer estimates FM in healthy humans adults,
median age 53 years, with a regression coefficient of r2=0.985 and 6.5% maximum error
compared to DXA measurements.

We also showed that our device can be used to track body water changes during different
dietary interventions. The BIVA graphical presentation allows for a simple tracking of body
water content and/or body water composition in patients at the clinical or home setting.
Utilizing a tissue equivalent model and least mean square approximation, we demonstrated
an extension of our measurement range, which we hypothesize will lead to a more accurate
determination of TBW, and ECW.

It has been shown that BIA can be a valuable tool for determining a subject’s body
composition within specific patient groups [1, 34, 35]. Some studies demonstrated that BIA
has limitations for assessing body composition [36] due to utilizing compartmental models
and regression analysis derived for specific patient populations, which can’t be generalized
[35]. In contrast, our device can be customized for various patient groups and populations
leading to a more accurate estimation of body composition. The main advantage of our
current solution, compared to other BIA/BIVA devices commercially available, is cost
effectiveness, ruggedness and integration into a centralized data management infrastructure.
The tight integration of software with hardware allows for “on-the-fly” customization.
Therefore, we can implement new and group-specific algorithms for determining body
composition or tracking of nutritional status and body water for each individual patient not
only in the clinical setting but also at home. The implementation of server data link can
provide an immediate feedback to the patients and/or health care provider.

7 Conclusion

The presented smart multi-frequency bioelectrical impedance spectrometer for BIA and
BIVA applications is able to track nutritional and hydration status in healthy subjects and
patients. The simplicity of BIA/BIVA measurements and the simple visual representation of
impedance data enables patients to compare and determine body composition during the
time course of a specific treatment plan. Hence, patients may be actively engaged in their
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alth and take responsibility leading to a higher adherence to the treatment plan, early

diagnosis and be proactive for their health.
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Figure 1.
Concept of smart multi-frequency impedance spectrometer tethered to a smart phone and

data transfer to a data server to facilitate immediate feedback from health care provider or
aggregation of impedance measurements across multiple studies in a clinical database.
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Figure 2.
Wireless multi-frequency impedance spectrometer (left) used for bioelectrical impedance

vector analysis (BIVA) in a rugged dust and water protected (IP 54) enclosure and snap on
lead wires for easy and robust electrode attachment. Mobile application running on Nexus 7
tablet computer (right) that displays multiple BIVA measurements and allows for tracking of
patient progress, patient management and data export.
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Figure 3.

Simplified block diagram of wireless multi-frequency impedance spectrometer and standard
BIA electrode placement on hand/wrist and foot/ankle.

IEEE Trans Biomed Circuits Syst. Author manuscript; available in PMC 2017 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Figure 4.

Page 15

AD5933 RV
+2V5 100n
,\/\/ of] @ AGND
L 33n - I a
Vout O | i
EXCITATION 1k
PD >——PD -
i R5
3 AD8130
AGND - AGND
SCL 2 I
u PD
SDA OPA2836J/
OR
R1 1c2-A I\ +2V5 ——
O— Ic2-B 100n == R8
OPA2836 I ASND | 7SR
1Meg AGND Ra . SHIELD DRIVE
+2V5 HIE
R2 -
AGND
Vin O——|——/
+

Analog front-end of the bioelectrical impedance spectrometer including precision wide-band
constant current source using the differential receiver amplifier AD8130 that allows for
tetrapolar impedance measurements, high output impedance and high CMRR. The front-end
can be disabled when not in use through a power down signal (PD) to reduce the overall
power consumption of the spectrometer.
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BIA measurements with a tissue equivalent circuit model measured at multiple frequencies
(square) compared to impedance estimations based on the Cole model (cross) using BIA
measurements between 3kHz and 150kHz. Absolute resistance and reactance over frequency
(top). Absolute error of measurement with respect to true resistance (bottom-left) and true
reactance (bottom-right). Values for 1kHz and 2kHz partially omitted due to significant

measurement error.
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Figure 6.
Comparison of body fat mass estimation in 9 subjects via bioelectrical impedance

spectrometer (BIA) and dual-energy X-ray absorptiometry (DXA) (left). Bland-Altman plot

(right) with mean difference (solid line) and 95% limit of agreement (dashed lines).
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BIVA with RXc graph of a female subject fed diets with low, normal and high sodium
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content (left). The population specific bivariate tolerance intervals are displayed as tolerance
ellipses (95%, 75% and 50%). The reference population used for the tolerance ellipses was
based on healthy Caucasian females (n=372, age 16-84yr) [27]. Estimation of TBW and
ECW of the same subject (right) determined by using multiple frequencies, 100kHz for
TBW and 5kHz for ECW. Estimation based on BIA equations reported by Deurenberg et al.

[24]
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