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Abstract 

A better understanding of physiological systems relies on measurement of in-vivo 

physiological signals. A valuable tool for obtaining these signals without 

disturbing the system generating them is the use of wireless implantable 

microdevices. The purpose of this thesis is to present advancements in the field of 

chronic monitoring in small rodents. Telemetry technology trades off size, 

duration of use and signal quality attributes.  

Oxygen is an essential substance for biochemical reactions, which highlights the 

importance of the ability for researchers to measure dissolved oxygen 

concentration. Existing measurement techniques for the chronic monitoring of 

oxygen has been limited by restrictive tethers, or non-implantable telemetry 

systems affecting the natural state of the physiological system. The telemetry 

system developed in this PhD research overcomes the power and miniaturisation 

barriers to provide the first system which allows the continuous and lifetime 

measurement of oxygen concentration in freely moving rats from a fully 

implanted telemeter. The system was compared against a Clark electrode in 

kidney tissue and demonstrated the ability to successfully detect a change of 

7.2 µM from a step change in inspired O2 (room air to 18%). 

The electrocardiogram is the most sensitive early indicator of cardiac toxicity or 

malfunction, the measurement of which has found significant use by both 

clinicians and researchers. While mice are commonly used in research studies, the 

measurement of electrocardiogram in mice has been limited due to the poor signal 

fidelity and finite operational life of existing telemetry systems. This thesis 

describes the first telemetry system which has a telemeter size suitable for 

implantation in mice whilst enabling the high fidelity (2 kHz) lifetime 

measurement of electrocardiogram in a freely moving mouse. QT intervals from 

mice were obtained with a resolution of <1 ms. An important contribution is the 

control of a wireless power system to energise the implanted device. 

The outcomes from this PhD research provide new tools for physiological 

monitoring from research animals. It is now possible to obtain lifetime monitoring 

of oxygen in rats, and high fidelity electrocardiograms from mice.  
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Chapter 1. Introduction 

1.1. Introduction 

The advent of modern telemetry has facilitated a new gold standard method for 

the continuous and chronic monitoring of in-vivo physiological signals. In general, 

telemetry is the integration of miniature sensors with a transmitter (typically a 

radio transmitter) to acquire signals remotely and broadcast them to a 

monitoring station for recording. The overall purpose of telemetry for monitoring 

these signals is to gain a better understanding of the physiological system under 

study. In medical research, this is of particular interest for toxicology and 

physiology studies. For example, in the case of toxicology, the effect a substance 

has on a research animal can be monitored [1] or in pathophysiology, the 

progression of disease can be tracked in animal disease models [2]. While direct or 

non-invasive measurements can be performed in these examples, telemetry offers 

a superior method for acquiring these signals, as the measurements will be less 

effected by chemicals such as sedatives or anaesthetics, or stress induced from 

tethers and psychological influences [3].  

Telemetry for medical research applications is available in a range of different 

sizes, with different sensors depending upon the target animal and the research 

objective. The scope of this thesis is the development of telemetry for small 

rodents. Telemetry suitable for small rodents has specific design challenges related 

to the size requirements of the device, but are of particular interest due to the 

prevalence of small rodents in medical research. Improvement to the state of the 
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art will be the integration of sensors which provide new physiologically interesting 

signals or improved performance over existing devices. 

In this chapter, the current state of the art for small rodent telemeters is 

introduced. This discussion also identifies some key constraints and limitations. 

The motivation for exploring two physiological signals of particular interest for 

continuous and chronic monitoring is presented, and the starting position of 

technology for addressing this problem is described.  

  



 

3 

1.2. State of the art 

1.2.1. Rats 

Rats are commonly used as research animals. Rats offer a good tradeoff between 

the cost effectiveness of mice and the surgical practicality of larger animals. While 

the availability of transgenic strains is limited, the rat has gained popularity 

through the availability of telemetry suitable for implantation in rats. While 

telemetry targeted for use with rats has been developed since the 1970’s such as 

in [4], recent advancements in technology have improved the performance and 

size of the implants which has led to widespread use in the medical science 

industry. Several research groups have developed telemetry for rats which are 

noteworthy: 

The research group from Data Sciences International (St. Paul, Minnesota, 

United States) have developed a telemetry system suitable for implantation in 

rats. Their telemetry system described in [5] is commercially available and was 

previously considered a gold standard for monitoring physiological signals from 

conscious freely moving rats. Before the availability of this telemetry system, tail 

cuffs or tethers were typically utilized to acquire these measurements. These 

telemetry implants are “active” devices as an internal battery provides power to 

the electronics where data is acquired and transmitted with a FM modulated 

radio communication transmitter.  

 

Figure 1: PA-C40 (Data Sciences) telemeter for in-vivo measurement of pressure [6]. 

Data Sciences currently have telemetry available for monitoring blood pressure, 

biopotentials and temperature. The PA-C40 (Data Sciences) measures one 

channel of pressure, has a specified volume of 4.4 cm3 and has a lifecycle of 

4 months before the telemeters require refurbishment by the manufacturer [7]. 
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The frequency response of the PA-C40 blood pressure telemeter was determined 

by McCormick in [8, 9] to have a -3dB point of 40±6 Hz. The CA-F40 (Data 

Sciences) telemeter for measuring one channel of biopotential data, such as 

electrocardiogram (ECG) or electroencephalography (EEG), has a specified 

volume of 4.2 cc, a lifespan of 6 months and a bandwidth of 1-200 Hz [7]. Kramer 

has overviewed the range of Data Sciences telemetry systems in [3, 10].  

The Implantable Devices Group at the University of Auckland (Auckland, New 

Zealand) and Telemetry Research Limited (Auckland, New Zealand) have 

developed a fully implantable telemetry system suitable for use in rats which is 

currently commercially available. As described in [11], the system utilizes a novel 

implementation of inductive power transfer to enable high fidelity measurements 

for the duration of the animal’s lifetime as it is not limited by battery capacity. 

The internal battery on the telemeter is recharged periodically using inductive 

power transfer (IPT) from a pad placed under the cage, resulting in the ability to 

take measurements over the lifetime of the animal. The telemeters are “active” 

devices as they can operate without being energized by the IPT field (for a 

limited time). The telemetry system utilizes digital 2.4 GHz radio 

communications and provides sampling at 2000 Hz per channel. Similarly to the 

Data Sciences devices, they are available with sensors to measure biopotentials or 

pressure.  

 

Figure 2: Telemetry Research's fully implantable telemeter (TRM54P) for in-vivo measurement 
of pressure using a solid state pressure sensor (Millar Instruments) [12]. 

The TRM54P (Telemetry Research Limited) measures a single channel of 

pressure from a solid state pressure sensor (Millar Instruments, Texas, United 

States) and has a bandwidth of DC-500 Hz [13]. While this device is larger 

(7.5 cm3) than the Data Sciences telemeters, it offers increased bandwidth, 

improved signal fidelity and potentially lifetime measurements. These devices are 

the current state of the art telemetry for physiological monitoring of biopotentials 

and pressure from rats. 
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Philips Respironics (Oregon, United States) have a range of telemetry suitable for 

use in small rodents under the Mini Mitter brand. Their telemetry system takes 

on a different approach; the telemeter is powered by RF coupling removing the 

battery requirement. Low bandwidth signals such as heart rate and temperature 

can be acquired.  

 

Figure 3: HR E-Mitter (Mini Mitter) telemeter for in-vivo measurement of heart rate, core body 
temperature and gross motor activity [14]. 

The original Mini Mitter device developed at Oregon Health Sciences University 

is described in [15]. This device contains a battery and an AM transmitter for 2-

4 Hz bandwidth. New devices such as the HR E-Mitter (Mini Mitter) measures 

core body temperature, heart rate and gross motor activity and are available in a 

small package (26 mm x 8 mm). This type of telemetry as described by Potkey [6] 

can be labelled as “passive” telemetry since the measurement is taken by 

energizing the transmitter though inductive coupling and therefore is more suited 

to lifetime recordings requiring low data acquisition rates and minimal implant 

size.  

Other “passive” telemetry systems include BioMEMS devices. These are 

constructed using micro fabrication techniques to create devices which are 

typically packaged in chip-scale packages, resulting in very small implants. 

BioMEMs devices are more prevalent in human medical applications due to their 

high development costs. Rashid [16] has reviewed the current state of the art of 

BioMEMs devices for telemetric monitoring of in-vivo physiological signals. 

BioMEMs devices have found limited use in rat telemetry. One example of use in 

rodent telemetry, is the fabrication of wireless electrode arrays for neuro-

recordings as described by Wise et al [17]. As with the Mini Mitter telemetry, 

BioMEMs telemetry is suitable for the chronic measurement of low frequency 

signals. 
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Figure 4: A head mounted telemetry system for continuous measurement of brain tissue oxygen 
concentration [18]. 

Bassu et al [18] have developed a telemetry system integrating an electrochemical 

sensor for in-vivo oxygen measurements with a telemetry system. This battery 

operated implementation has the benefit of removing tethers to allow 

unobstructed movement to the animal whilst wirelessly measuring in-vivo oxygen 

concentration from an implanted electrode. The disadvantage of this system is 

that it is not fully implanted and that batteries must be replaced manually. This 

increases the risk of infection and may place additional stress on the animal.  

Blood flow has also been measured from a fully implanted system [19, 20]. This 

utilizes a Doppler-effect ultrasound probe to measure flow rate. In particular, 

Fryer et al [20] have developed a multichannel telemetry system for measuring 

blood flow, blood pressure and electrocardiogram (ECG) from a fully implantable 

telemeter. Inductive power transfer enables continuous and chronic measurement 

of these signals via the telemeter. Unfortunately due to the power requirements 

(180 mA at 3-4 V) of the telemeter and the size of the electronics, the system is 

best suited to implantation in larger animals or humans.  

1.2.2. Mice 

The mouse is the mostly commonly used laboratory animal, which can be 

attributed, in addition to their low maintenance costs, to the rapid advancement 

of technology for creating models of human disease in mice compared to other 

mammalian species. Mouse models are an important tool in the area of safety 

pharmacology and toxicology as described in [1]. They allow for the high 



 

7 

throughput of toxicology studies before expensive human trials begin. Another 

example of the use of mouse models is in physiology and pathophysiology 

research, as mouse models are available for human diseases including 

cardiovascular disease and others described by Carmeliet et al. [21].  

 

Figure 5: An exploded view of a PA-C10 (Data Sciences) telemeter for blood pressure 
measurements suitable for implantation in mice [22]. 

Telemetry for use in mice is highly desirable but technological difficulties in 

miniaturizing the circuitry whilst providing high fidelity measurement has 

remained an insurmountable goal. Undoubtedly the gold standard for telemetry 

suitable for use in mice is the systems available from Data Science International. 

Initially described by Kramer et al [23] in 1993 the ETA-F20 (Data Sciences) 

telemeter is fully implantable with an approximate weight of 4 g. The telemeter 

contains an amplifier and an FM transmitter for measuring in-vivo 

electrocardiogram signals. Before the publication of this telemetry system, 

telemetry for mice was limited to low bandwidth signals such as temperature or 

gross motor activity (Clement et al, [24]). Since the publication of this paper in 

1993, Data Sciences International have released additional telemeter products for 

measuring blood pressure [25]. The PA-C10 (Data Sciences) mouse telemeter for 

measuring blood pressure has a total weight of 1.4 g, a battery life of 6 weeks [26] 

and a frequency response of 57 ± 2 Hz as measured by McCormick in [8]. After 6 

weeks of continuous use, at an additional cost the telemeter must be returned to 

the manufacturer for refurbishment to replace the internal battery. 
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Figure 6: G2 E-Mitter (Mini Mitter) telemeter for in-vivo measurement of core body 
temperature and gross motor activity [27]. 

Philips Respironics have released a Mini Mitter telemetry system suitable for use 

in mice, Similar to the rat telemetry described above, the telemetry system is 

suitable for the acquisition of low bandwidth signals. The G2 E-Mitter is 1.1 g 

and measures core body temperature and gross motor activity [14]. This 

telemetry system is suitable for end-users who require lifetime recordings, low 

data acquisition rates and minimum size. A benefit of this system is that there is 

no battery in the telemeter and therefore no requirement to return the telemeter 

to the manufacturer for refurbishment, which enables quick reuse and fast 

throughput of mice.  

 

Figure 7: A low cost telemetry system for measuring electrocardiogram in mice [28]. 

Another approach to develop mouse telemetry is described by Lin et al [28]. The 

system is not implantable but is externally mounted similar to the rat system 

presented by Bassu et al. It provides continuous and chronic monitoring enabled 

by the manual replacement of the battery. The system has a bandwidth of 0.1-

300 Hz. It is a low cost method of removing the tethers to provide free movement 

to the animal while providing continuous chronic measurement of 

electrocardiogram. The major drawbacks of the system are the risk of infection 

where wires pass percutaneously, the risk of animal interference with the device 

and animal stress. 
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Figure 8: BioMEMs telemetry for blood pressure measurements in mice [29]. 

Telemeters utilizing BioMEMs (introduced above) have found application in mice 

due to the very small package sizes which are ideal for implantation in mice and 

reduce the weight burden on the animal. Peng et al [29] have developed a 

BioMEMs telemeter with a total weight of 130 mg. Chaimanonart and Young 

have presented a telemetry system based on the same platform for the in-vivo 

measurement of electrocardiogram in [30]. A MEMs pressure sensor is used to 

measure blood pressure, a dedicated integrated circuit provides analog to digital 

conversion and wireless transmission is conducted with an RF FSK transmitter. 

The telemeter is powered by inductive power transfer, to provide potentially 

lifetime monitoring and removes the requirement for refurbishment by the 

manufacturer. The bandwidth of the telemeter is reported to have a -3dB point at 

1 kHz. The downside of this telemetry system is that continuous monitoring is 

limited as it depends on sufficient coupling between the primary coil placed under 

the mouse cage and the pickup coil on the telemeter. This telemeter represents an 

improvement to the state of the art, providing high bandwidth chronic 

monitoring of in-vivo physiological signals in a package size suitable for full 

implantation in a mouse.  
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1.3. Signals suitable for chronic measurement 

This section identifies potential signals and their various measurement techniques 

which are of physiological interest to researchers or clinicians, for potential 

integration for chronic measurement from a fully implanted telemeter. The 

purpose of this section is not to be an exhaustive list of possible physiological 

signals for chronic measurement, but to describe common measurements typically 

monitored by researchers and clinicians. The measurement techniques and 

available sensors are described for each signal and the potential ability for 

miniaturization and integration with telemetry is discussed.  

1.3.1. Temperature 

Core body temperature is a parameter of physiological importance, with 

variations outside the strictly regulated range causing hyperthermia or 

hypothermia. Temperature can be used as an indicator of infection as described in 

[24]. Sensors for measuring other physiological signals, such as piezoresistive 

pressure sensors, may have a high temperature dependence, and therefore, 

temperature is also often measured in order to provide compensation for 

variations in temperature [31]. 

Temperature is quite possibly the simplest of measurements to make in-vivo. 

There are many different techniques for measuring temperature which have been 

reviewed in [32], many of which are available in commercially produced 

components. Of particular interest due to their suitability for integration into 

chronically implanted telemetry are junction semiconductor devices and 

thermistors. Junction semiconductor devices such as transistors and diodes 

exhibit temperature sensitive characteristics that can be exploited for temperature 

measurement, examples of these include the National Semiconductor LM335, 

LM35 or Analog Devices AD590. The LM35 needs minimal external circuitry and 

provides a linear output making it easy to integrate into a chronically implanted 

telemeter where an accuracy of ±0.5 oC is sufficient [33]. In applications requiring 

higher accuracy and stability over time, a thermistor can be used such as in [34]. 

Thermistors are resistive components which are sensitive to temperature. A 
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typical thermistor such as the BETATHERM 10K3A1B used in [34] has an 

accuracy of ±0.2 oC and has excellent temperature stability over time [35]. 

Thermistors and LM35 type devices are suitable for integration into chronically 

implanted telemetry, yet the use of these components in telemetry is not novel as 

commercial devices are currently available and widely used.  

1.3.2. Bioelectrical 

Bioelectrical potentials are generated in excitable cells as a result of 

electrochemical activity. During rest they exhibit a resting potential and during 

stimulation generate an action potential. The purpose of the action potential is 

highly dependent upon the tissue, for example an action potential in a muscle cell 

is used to actuate a muscle spindle. An overview of the source of biopotentials 

can be found in [36]. Biopotentials give researchers and clinicians valuable 

information regarding the stimulation of various cells, these include 

electrocardiogram (ECG), electroencephalography (EEG), electromyography 

(EMG) and sympathetic nerve activity (SNA). Therefore, the acquisition of 

biopotentials from a chronically implanted telemeter is potentially valuable in 

medical research and clinical practice.  

Measuring biopotentials from a physiological system is relatively simple compared 

to other measurement techniques described in this thesis. The main 

characteristics of the circuitry are defined by the gain, frequency response and 

noise performance. A comprehensive review of designing biopotential amplifiers 

has been written by Neuman [37]. The requirements for these biopotential 

amplifiers are high input impedance, high gain, high common mode rejection ratio 

(CMRR), and electrical isolation. Difficulties arise in biopotential measurements 

not from the instrumentation circuitry but from the chemistry involved with the 

electrode interface. 

Commercially available instrumentation amplifiers successfully meet the required 

specifications and are suitable for biopotential measurements. Custom 

instrumentation amplifiers such as [38], built from operational amplifiers, have 
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been used to reduce the power cost. Differential type amplifiers are often used to 

suppress power-line noise.  

1.3.3. Movement and location 

An interesting signal which has become vastly popular in consumer electronics is 

the measurement of physical movement. By incorporating movement sensors into 

an implantable telemeter, various actions of an individual animal can be recorded. 

A measure of activity is commonly used in existing telemetry systems such as 

those described by Clement et al from Data Sciences International [24]. The 

system gives a gross measure of motor activity. For example, Tang and Sanford 

describe activity as used in conjunction with EEG measurements for determining 

behavioural states of research animals in sleep studies [39]. A clinical application 

could be the implantation of a telemeter with an integrated accelerometer within 

prosthetics similar to the system described in [40]. Accelerations could give 

ambulatory feedback for the detection of dangerous falls.  

A measurement of movement could be implemented with the use of 

microelectromechanical systems (MEMs) accelerometers. These MEMs devices 

combine a micromachined accelerometer with microelectronics to create an 

integrated system which can be produced in small packages such as the LIS331DL 

(STMicroelectronics), which has ±8g range, a SPI digital interface and is 

available in a 16LGA (3x3x1mm) package. As described in [41, 42], 

accelerometers implanted in research animals provide acceleration feedback for 

describing movement and can be interpreted to estimate animal behaviour.  

Another device which could be integrated with telemetry for chronic implantation 

is a GPS unit. Azad and Ali describe a miniaturized GPS antenna module for the 

application of providing caregivers a method of locating patients with 

psychological disorders such as amnesia or dementia [43]. The disadvantage of 

GPS tracking telemetry is the relatively large size of the implant, which makes it 

more suitable for chronic tracking in human applications and larger animals as 

described in [44].  
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1.3.4. Pressure 

Various diseases have been associated with pressure signals outside of a narrow 

regulated range. The most well-known example is the correlation between high 

blood pressure and heart disease. The chronic measurement of pressure is 

valuable in a wide range of research areas and clinical applications, some of which 

are summarised in the following: 

Intracranial pressure (ICP) is the pressure exerted on the cerebral blood 

circulation and cerebrospinal fluid (CSF) circulation [45]. Clinically, raised ICP 

has a high incidence and is still the most common cause of death in neurosurgical 

patients [46, 47]. Cooper et al [48] describes the measurement of ICP is of clinical 

importance for diagnosis and management of ICP related conditions, including 

long-term monitoring in hydrocephalus, brain tumors and pseudotumor cerebri. 

Life-time monitoring is desirable to ensure pressures are kept within a desirable 

range and to ensure correct shunt operation.  

Monitoring of pulmonary artery blood pressure has significant clinical importance 

in patients with heart failure.  Castro et al [49] suggests that implantable 

hemodynamic sensors may enable frequent monitoring of pressure changes in 

heart failure patients to optimize patient management and prevent the need for 

hospitalization. The measurement of arterial blood pressure gives a measure of 

the reactivity of the cardiovascular system, and has potential applications in 

pharmacological studies such as those overviewed in [50]. 

The measurement of bladder pressure (Cystometry) is an essential clinical tool in 

the evaluation of incontinence or other voiding disorders. While classical 

cystometry is suitable for diagnostic purposes, implantable telemetry 

measurements are useful in cases where long-term recording is required. An 

example of this is in [51], where implantable telemetry is used to measure the 

pressure within the bladder to provide patient feedback in the management of 

urinary incontinence [52]. 

While the above applications monitor fluid pressure, similar pressure sensors 

could also be used for strain measurements in orthopedic applications. Such 
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applications may include embedding sensors in prosthetics as described in [53] to 

monitor strain and detect long-term failure conditions. This could be particularly 

valuable when growth or tissue remodeling might have an influence on the 

measured signal. Combining active actuators such as spinal implants or traction 

systems with sensor systems for chronic use is a logical extension.   

The use of micro-machined integrated components has gained significant 

momentum in commercial applications, due to the use of compatible 

manufacturing processes in the IC industry, their small form factor, and their 

integration with micro-electronics [54]. The methods, which are suitable for 

integration in a chronically implanted telemeter, for converting a pressure 

measurement into an electric signal include the following main types: 

piezoresistive sensors, capacitive sensors and optical sensors. 

Piezoresistive sensors are the most common pressure sensor due to their low 

mechanical hysteresis [54, 55]. They utilise a thin silicon diaphragm as an elastic 

material and by the addition of impurities to this silicon the piezoresistive effect 

converts the applied pressure to an electrical signal. Piezoresistive sensors have 

very good performance characteristics as they show virtually no creep and no 

hysteresis. Due to a high temperature dependence they require temperature 

compensation circuitry [31, 56].  

Capacitive sensors again use a silicon diaphragm which deflects under an applied 

pressure and thus causes a change in the capacitance between the diaphragm and 

a parallel reference plate. Due to the ability to manufacture the entire sensor 

from a solid piece of silicon this method shows good long-term stability [56]. 

Capacitive pressure sensors suffer from poor linearity, due to the bending of the 

diaphragm causing the plates to be non-parallel. The principal advantages of 

capacitive pressure sensors over piezoresistive pressure sensors are their increased 

pressure sensitivity and decreased temperature sensitivity [54].  

Optical sensors use the principle of wavelength modulation of reflected and 

transmitted light within an optical cavity. These sensors have various advantages 

over piezoresistive and capacitive sensors, as they have a greater dynamic range, 

high resolution and greater accuracy. Optical pressure sensors suffer from high 
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temperature dependence and are expensive due to the precision manufacturing 

processes required for correct alignment [56].  

1.3.5. Concentration 

Concentration is a signal which holds great value for studying physiological 

systems as it provides a measurement of the quantity of the chemical substance of 

interest. A range of various chemical substances could potentially be detected and 

sensors are commonly set to be selective to one particular substance. A prevalent 

signal of interest is the measurement of oxygen concentration, as this 

measurement is highly sought after in physiological monitoring both in human 

applications such as the monitoring of arterial oxygen saturation with pulse 

oximeters, and in animal applications such as studying the effect of oxygen 

concentration in a target tissue in response to a stimulus. Dissolved oxygen 

concentration represents the amount of oxygen available in the fluid surrounding 

the cells (extracellular fluid). In general this oxygen concentration represents the 

balance between the supply of oxygen from oxyhemoglobin in the blood and the 

utilization of oxygen in the mitochondria of the cells.  

A potential application is the measurement of oxygen in the extracellular fluid of 

the brain. This measurement gives researchers understanding of neuronal 

signalling and drug actions by measuring rates of consumption in various regions. 

These electrochemical sensors such as those presented by Lowry et al have a 

detection limit for oxygen of 2.7 μM and have shown stability over 11+ months 

[57-59]. Currently there are several methods to measure concentration; the main 

two methods, which are suitable for continuous chronic measurements, are optical 

techniques and electrochemical techniques. Other qualitative techniques such as 

blood oxygen dependent fMRI are non-invasive and have a large field of view. For 

research animals this requires restraints or sedation and has poor spatial 

resolution compared to implanted electrodes.  

The optical methods for detecting oxygen rely on the ability of oxygen to interact 

with optically active molecules and facilitate their transition from higher-energy 

states to lower-energy states. Therefore, fluorescent or phosphorescent emission of 



Chapter 1 

16 

photons can be quenched or dequenched in an oxygen dependent manner [60]. 

Luminescent material is embedded at the end of an optical fibre, which is 

energized by pulses of a blue light emitting diode, the lifetime of the pulses is 

dependent on the oxygen concentration at the tip of the optode [61]. Ortiz-Prado 

et al have measured brain tissue oxygen concentration from a chronically 

implanted optode in rats and have shown a significant change in the measured 

concentration to chronic hypoxia [62]. 

Electrochemical detection of oxygen depends on the ability to reduce oxygen on 

the surface of an electrode. The electrode transfers electrons to oxygen, producing 

a current through the electrode which is proportional to the concentration of 

oxygen. A membrane selective to oxygen is typically used to provide selectivity, 

whilst rejecting other substances which could potentially be reduced on the 

electrode. A potentiostat is utilized to maintain a potential at the electrode which 

drives the reduction reaction and measures the resulting current. McHugh et al 

present an application where oxygen concentration is measured from an 

implanted electrode in brain tissue of a freely moving rat from an implanted 

electrode during a behavioural neuroscience study [63]. 

These electrochemical sensors, integrated with implantable telemetry, offer a 

novel application for chronic measurements. Other groups have trialled the use of 

these electrodes with telemetry such as [57, 58], although power constraints limit 

their long-term use. Combining these novel biosensors with a telemetry system 

which utilizes wireless power transfer for continuous and lifetime monitoring 

offers an exciting new scientific tool for measuring chemical species in-vivo. 

1.3.6. Flow 

Related to fluid pressure measurements, the flow-rate can be used to study the 

supply of a fluid to a specific tissue or organ of interest. The blood flow in the 

brain, for example, is commonly used to correlate local increases in blood flow 

with neuronal activation. In clinical applications the flow rate can be used to 

detect blockages and maintain correct flow-rates in ventricular shunts in 

hydrocephalus patients. An example is presented in [64], which due to the 
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relatively slow moving medium uses a microflow rate meter to ensure appropriate 

drainage.  

Other potential applications for chronic measurement of flow, are the 

measurement of arterial blood flow in [65, 66] or cerebral blood flow in [67] for 

research studies. Hunt et al [68] states that in the monitoring of heart failure, 

arterial blood flow, is useful in reviewing a patient’s long-term clinical status and 

is helpful in the appropriate selection of treatment. For chronic monitoring of 

heart failure, these methods have the advantage over catheter based pressure 

measurements in that they are non-blood contacting as they do not penetrate the 

vessel wall, which can obstruct blood flow as described in [69]. 

Measuring flow-rate without causing a direct physical change can be achieved 

using ultrasonic or electromagnetic transducers. Ultrasonic sensors for measuring 

flow employ the use of ultrasonic waves and the resulting frequency change when 

the ultrasonic waves are passed through a flowing medium [56]. When ultrasonic 

waves travel downstream there is a resulting velocity increase, and when 

travelling upstream there is a resulting velocity decrease. Therefore the time of 

flight to reach the receiver will depend on the flow of the medium. Several 

components are required, a transducer for generating the ultrasonic wave 

(speaker), a receiver for measuring the ultrasonic wave (microphone) and 

circuitry for calculating the time of flight [70]. The ultrasonic wave can be 

generated and detected by piezoelectric crystals, and can be reversed to detect 

flow direction. The alignment of these crystals is essential and the use of a 

reflector reduces noise from the changing tube diameter [71]. 

Another method to measure flow-rate is the use of electromagnetic sensors. An 

electromagnetic force is generated from a moving fluid in a generated magnetic 

field. This force, which is proportional to the velocity, can be measured across the 

medium with two electrodes. This sensor requires a driver for generating the 

oscillating magnetic fields at a frequency of 100-1000Hz and a high-gain amplifier 

to measure the resulting AC voltage [56, 72]. 
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1.4. Signals identified for integration with telemetry 

Two physiological signals and their respective measurement techniques were 

identified which would be suitable for chronic measurement using a fully 

implanted telemeter and which would provide a novel contribution to the state of 

the art.  

• The high bandwidth measurement of electrocardiogram from a freely 

moving mouse would improve the state of the art by providing better 

temporal resolution for extracting ECG parameters for ECG analysis in 

applications such as toxicology studies.  

• The chronic measurement of in-vivo oxygen concentration from a fully 

implanted telemeter suitable for implantation in a rat. This would provide 

an improvement to the state of the art by allowing unobstructed 

movement to the animal whilst simultaneously monitoring tissue 

oxygenation.  

The purpose of this section is to outline the techniques required for measurement 

of these signals and propose the integration of this technique with a telemetry 

system to enable continuous and chronic measurements.  

1.4.1. High bandwidth electrocardiogram measurement in mice 

Introduction  

The electrical activity in the heart is essential in providing a smooth rhythmic 

contraction of the atria and the ventricles. The ECG signal is a measure of the 

biopotential activity of the heart over time, and therefore at each instant the 

ECG gives a measure of the action potentials associated with that instant of the 

cardiac cycle. The combination of action potentials as they propagate through the 

conduction system of the heart generates the familiar ECG monitor waveform. 

The mouse ECG is a signal of particular physiological interest for characterizing 

the electrical properties of the heart as emphasized by Wehrens et al. [73] and is a 

useful measurement in safety pharmacology and pathophysiology research. It has 
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been previously stated in [1], that the ECG is, “the most sensitive early indicator 

of cardiac toxicity or malfunction”.   

The potential drop across the heart can be a bipolar measurement between two 

points located across the heart, or a single point against a reference point. The 

magnitude of action potentials varies across cardiac tissue and therefore their 

relative contributions to the ECG waveform will depend upon the location of the 

electrodes for measurement. To provide spacial information multiple electrodes 

are used in a standardised manner which is commonly referred to as a 12 lead 

ECG. In recent rodent studies the most commonly used setup is a single Lead II 

configuration with one positive and one negative electrode [1]. This lead II setup 

in human applications is referred to as the “monitor”, as it provides information 

on heart rate, regularity, conduction time and ectopic beats. However, in the rat 

the Lead II ECG configuration measurement is useful as it demonstrates robust 

P, R, S and T waves. Multiple lead setups provide more information on the 

spatial component of the electrical activity in the heart as shown in Figure 9, but 

are typically not monitored simultaneously in unrestrained rats. Researchers 

interested in measuring the electrical activity of a specific region of the heart may 

locate the bipolar electrodes in order to target that region of the heart.  

 

Figure 9: An example of a mouse ECG trace taken with multiple Lead configurations (II: Lead II, 
RV: Right Ventricle, LRA: Low right atrium, HRA: High right atrium) [74]. 
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A stylized mouse ECG waveform from the Lead II configuration is shown in 

Figure 10. A parameter of the ECG signal, of particular interest to researchers, is 

the QT interval which is defined by the interval marked from the start of the Q 

wave to the end of the T wave. The QT interval is a commonly used indicator of 

cardiac toxicity in safety pharmacology studies [1] and is used to assess 

abnormalities in ventricular repolarization, which is of significant clinical 

relevance; elongated QT intervals is a risk factor for sudden death from 

ventricular arrhythmias as described in [75, 76]. A typical QT interval for a 

conscious freely moving mouse is ~54.9 ms as shown in [77]. These measurements 

were acquired with an ETA-F20 (Data Sciences) telemeter and are limited by the 

bandwidth of the telemetry system as the measurements had an RMS error of 

4.0 ms. To detect small changes in the QT interval with a magnitude of < 4.0 ms 

a higher bandwidth is required to provide greater temporal resolution. This issue, 

relating to the measurement of the QT-interval has been overcome in larger 

animals through the use of high bandwidth fully implantable telemetry to take 

ECG measurements without these interfering factors, such as measurements 

demonstrated by Budgett et al. [11]. 

 

Figure 10: A stylized waveform of the mouse ECG signal showing the corresponding ‘waves’ of 
cardiac activity (Adapted from [1]). 

Method of measurement 

The heart can be viewed as an electrical equivalent signal generator, with a 

potential field set up within a conductive volume [36]. The ECG leads therefore 

measure the Ohmic potential drop between two points within this conductive 

volume as shown in Figure 11. The magnitude of the ECG signal therefore, 
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depends greatly on the position of the electrodes and interface between the 

electrodes and the tissue.  

 

Figure 11: The heart modelled as an equivalent signal generator. Points A and B are arbitrary 
measurement points within the conductive volume. RAB is the resistance between the points, and 

RT1, RT2 are lumped thoracic medium resistances [36]. 

McCauley and Wehrens [78] using an ETA-F20 (Data Sciences) describe the 

procedure for implanting a telemeter for ambulatory ECG measurement. Initially 

the telemeter is sterilized to reduce the infection risk. For implantation the mouse 

is anesthetized and the telemeter is inserted via a vertical midline incision. For 

Lead II measurements from a fully implanted telemeter, the electrodes are 

typically placed as shown in Figure 12. The telemeter is either inserted in the 

peritoneal cavity or placed subcutaneously. The electrodes are inserted into the 

muscle layer under the skin and held in place with silk sutures to ensure good 

electrical contact. 

 

Figure 12: Lead II placement of ECG electrodes from an implanted telemeter in a mouse [78]. 
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As the Lead II electrode configuration is a bipolar measurement, a differential 

amplifier configuration is most suited for measuring the potential drop between 

the electrodes. A differential configuration will amplify the difference between the 

signals at each electrode and will reject common mode noise. As the ECG signal 

has a magnitude in the order of microvolts [23], the gain on the amplifier must be 

large for data acquisition and therefore must sufficiently reject interfering signals. 

Figure 13 shows an example of an ECG signal affected by power line (50/60 Hz) 

interference. This emphasises the importance of a differential measurement with 

good common mode rejection. Typically instrumentation amplifiers are used as 

they provide high input impedances which are matched between the electrodes 

and therefore have excellent common mode rejection. Non-differential amplifier 

configurations have been explored, for example Dobrev describes a biopotential 

amplifier which employs a transimpedance amplifier configuration [79].  

 

Figure 13: An ECG signal affected by power line interference [37]. 

An important consideration, when measuring ECG in general, is the bandwidth of 

the instrumentation. Ai et al have discussed in [80], that the higher the heart rate 

the more high frequency content the signal contains. Telemetry systems such as 

the TR-50B (Telemetry Research) for ECG measurement in rats have a 

bandwidth of 1 kHz [81], whereas the ETA-F10 (Data Sciences) for ECG 

measurements in mice has a bandwidth of 200 Hz for measurement [82]. As mice 

have a resting heart rate much higher than rats it is expected that the bandwidth 

required to accurately represent the ECG waveform is the same or higher than 

the bandwidth used to capture rat ECG. Ai et al have shown that 55 % of the 

relative power of the mouse ECG signal is within 80-1000 Hz [80]. The analog 

instrumentation and digitization must have a bandwidth to sufficiently capture 

this high frequency content to enable accurate measurements of ECG parameters 

which rely on good temporal resolution.  
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After amplification, ECG signals can be converted to a digital signal so that the 

waveform can be analysed in software. Analysis can be performed in software 

packages such as LabChart (AdInstruments, Dunedin, New Zealand) or 

Electrocardiogram Analysis Module (Data Sciences) using their respective data 

acquisition hardware. These software applications detect and align the ECG 

waveforms to calculate the ECG parameters for each heartbeat. For existing 

telemetry systems, the ECG parameters are averaged over at least 4 seconds to 

reduce noise on the calculated parameters, for example in [77]. 

Integration with telemetry 

To improve the state of the art for ECG measurement in mice, an 

instrumentation amplifier for the Lead II measurement of ECG can be integrated 

with a high bandwidth telemetry system to capture ECG with a sampling rate of 

2 kHz. This will enable the high bandwidth acquisition of ECG from a freely 

moving mouse providing continuous and chronic measurement.  

1.4.2. Oxygen concentration from carbon paste electrodes 

Introduction to carbon paste electrodes for oxygen concentration 

measurement in rats 

Oxygen concentration can be continuously and chronically measured using a 

carbon-paste electrode (CPE). Carbon paste electrodes were initially reported in 

1958 [83]. They offer benefits over solid carbon electrodes and metallic electrodes 

by reducing the background residual signal and therefore improving signal 

sensitivity and long term stability. While coatings on solid carbon electrodes or 

platinum electrodes would perform this function [84], carbon-paste electrodes offer 

an alternative that is easy to manufacture. This has an added benefit in-vivo 

where protein fouling on platinum electrodes is a problem effecting stability in 

chronic measurement. Kissinger et al initially implanted carbon paste electrodes 

in brain tissue for detection of neurotransmitters [85], and recently Bolger et al 

has shown the long term stability benefit of CPEs over Pt with stable 

measurements of over 12 weeks [86].  
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Figure 14: Physical structure of a carbon paste electrode. 

The general structure of a carbon paste electrode is shown in Figure 14. Details 

on electrode preparation is described by Kissinger et al [85]. They are typically 

made from a PTFE coated silver or platinum wire. The PTFE coating is receded 

to leave a void at the end which is then packed with the carbon paste. This paste 

makes up the working surface and is generally made from a graphite powder 

suspended in a suitable non-electrolytic liquid. The graphite powder ideally 

possesses high chemical purity; uniform particle size distribution, which on 

average are typically 5-20 μm; and has low adsorption capability for electroactive 

impurities. The binding liquid should be electroinactive, chemically inert and 

immiscible with the surrounding fluids. Švancara et al, and Kalcher et al [87, 88] 

overview CPE typologies, outlines the components and electrochemical properties 

of the typical carbon pastes and list common carbon powders and binders.  

The difficultly with using electrochemical techniques to determine substance 

concentrations in-vivo is that the medium in which the measurement is being 

made contains a range of other substances which could possibly be reduced on the 

surface of the electrode. To maintain specificity of an electrode, electrochemical 

techniques can be used such as fast-scan cyclic voltammetry [89] which require 

complex instrumentation and high sampling rates, or the electrode can be 

modified to be specific to the substance of interest such as introducing a 

permselective membrane on the electrode surface [86]. Lowry and colleagues [35] 

have used cyclic voltammetry techniques to test the specificity of carbon paste 

electrodes and concluded that CPEs maintain specificity by blocking interfering 

species with the use of electroinactive silicone oil used in the carbon paste. The 

silicone oil is highly permeable to oxygen and water allowing these to diffuse 

freely, while blocking other species which may be reduced on the carbon. Without 

the silicone oil in the carbon paste, the electrode would perform like a solid 
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carbon electrode and would exhibit a large background current from interfering 

species and a larger capacitance current due to an increased exposed surface area. 

As stated earlier, one benefit of using carbon paste electrodes over metallic 

electrodes for oxygen measurements is the ability of the carbon paste to provide 

long term stability. Stability is the ability to obtain the same value of 

measured oxygen over a preferably long period of time when the genuine 

concentration of oxygen has not changed. It is particularly important for long-

term fully implanted oxygen measurement where re-calibration is not easy. 

Platinum electrodes such as those used by chronically implanted by Clark et al 

[90], are poisoned by a build-up of protein on the surface of the electrode. Inch 

has shown that with platinum electrodes, the measured current increases by 5 % 

per hour depending on the concentration of protein in the solution [91].  

Carbon paste electrodes do not exhibit severe protein poisoning. Kane and O’Neil 

have reported that the stability of the carbon paste electrode is due to the 

absorption of lipids into the carbon paste and desorption of the silicone pasting 

oil, essentially renewing the carbon paste [92, 93]. Carbon paste electrodes have 

been used successfully to measure in-vivo oxygen concentration for over 11 

months [57, 58]. 

Variability in the stability of carbon paste electrodes have been observed during 

short time courses as discussed by McHugh et al [63]. These can be characterised 

by their apparent timescale. 

1. Whenever a potential is applied, a large non-faradic current is observed 

which as described by [63] typically reduces in 2 seconds and settles within 

10 min. This can be explained by the build-up of the diffusion layer which 

is described by the non-steady state term of the Cottrell equation which 

will be introduced later. 

2. When a potential is first applied it has been observed that the oxygen 

concentration measurement is more variable in the first few hours of 

measurement. This has been hypothesised to be due to the conditioning of 
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the surface of the carbon paste electrode by the absorption of lipids and 

desorption of silicone oil stabilizing the oxygen measurement [92, 93]. 

3. During the implantation of any electrode, the damage to the tissue requires 

several days to stabilize. Measurements are typically started after 7 days 

to allow recovery of the tissue and of the animal. 

Lubbers and Baumgartl used a micro-electrode with a tip size of 1 µm to show 

that in respiring normoxic tissue local oxygen may vary between values close to 

zero and as high as the arterial saturation [94]. This highlights the importance of 

electrode size; as discussed by Bolger and Lowry [35], micro-electrodes with 

dimensions < 100 µm have greater unpredictability due to the uncertainty of 

measurement location. Carbon paste electrodes typically have larger dimensions 

(> 100 µm) which will average the oxygen concentration providing more stable 

measurements. Therefore, the specific volume in which oxygen is being measured 

from is highly dependent on the size and shape of the electrode. For a carbon 

paste electrode with a working area diameter of 200 µm the diffusion of oxygen 

will occur approximately linearly across the paste surface as shown in Figure 15A. 

Smaller electrodes with dimensions <100 µm would have a more spherical 

diffusion pattern. As described in [86], the oxygen is sampled from a pool 50 µm 

from the electrode surface which can be approximated with a cylindrical volume 

(Figure 15B). 

 

Figure 15: (A) Linear diffusion pattern of oxygen to the surface of a carbon paste electrode [95]. 
(B) Electrode surface with projected cylindrical sampling area [96]. 

The large size of the electrode makes it difficult to associate the site of 

measurement with any particular cell but rather to a region. However there is a 

beneficial averaging effect, stabilizing the variation in oxygen concentration from 

the diffusion gradient between the capillaries and the cells. Electrodes with 
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smaller diameters detect the rapid dynamic responses of oxygen concentration, 

and thus would have greater variability in measurements due to variation in the 

location of the tip.  

Other important characteristics of carbon paste electrodes including oxygen 

consumption by the electrode; temperature, pH and ion dependence have been 

characterised in [86]: 

• The effect of oxygen consumption at the electrodes has been shown to be 

negligible. This localised oxygen consumption has been calculated to be 

12.5 nmol/g/min, which is small compared to the metabolic rate of oxygen 

consumption in tissue (cerebral cortex: 3.9 µmol/g/min). 

• Membrane covered electrodes usually have a high dependence upon 

temperature. Carbon paste electrodes have been shown to have no 

significant temperature drift between room temperature 22.5 oC and 

physiological temperatures 37 oC.  

• The effect of change in pH from 6.5-8.0 in a phosphate buffer (PBS) was 

shown to have no significant effect upon the oxygen measurement. This is 

consistent with previous reports for carbon fibre electrodes.  

 

Figure 16: A setup of a typical three electrode electrochemical sensor. 

An electrochemical sensor is typically setup with three electrodes: A working 

electrode, a reference electrode and an auxiliary electrode (Figure 16). This is 
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commonly referred to as a three electrode electrochemical cell. The working 

electrode is the sensing electrode which provides a surface for the oxidation or 

reduction of oxygen. The auxiliary electrode is driven to supply a current suitable 

to keep the working electrode at a constant potential with respect to the reference 

electrode.  

 

Figure 17: Energy potential required to transfer charge from electrode to solution (Adapted from 
[96]). 

By driving the working electrode to a certain potential, an energy level is reached 

which is sufficient to transfer charge either to or from the electrode and the 

solution (Figure 17). This then causes the reduction of oxygen in the solution on 

the CPE. The potentials which reactions occur at are well known and can be 

found in reference tables such as IUPAC Standard Potentials in Aqueous 

Solutions [97]. Therefore, to specify the reaction of interest, the potential of the 

electrode must be controlled to drive the reaction of interest. Driving the 

potential of the electrode specifies the reaction of interest.  

Typical reference electrodes include the standard hydrogen electrode (SHE), 

calomel electrode or AgCl/Ag electrode. The current flowing through the carbon 

paste electrode is measured which gives information about the reactions occurring 

on the working electrode surface. This basic setup is shown in Figure 16 where 

the potential is controlled and current is measured using potentiostat 

instrumentation. 
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Figure 18: A model of a typical three electrode electrochemical cell [89, 96]. 

This three electrode electrochemical cell can be modelled using circuit components 

(Figure 18). The purpose of this model is to help us describe the system 

parameters of the electrochemical cell to develop the instrumentation required to 

measure oxygen. It is also useful to design a circuit which could be used as a 

dummy cell for testing our instrumentation. Firstly the generalized circuit model 

will be discussed and later will specify the parameters to model carbon paste 

electrodes.  

• The C’dl, Cdl, Eref capacitors on the auxiliary, reference and working 

electrodes represent the build-up of a double-layer capacitance on the 

surface of each the electrode.  

• The Z’f and Zf resistors represent the faradic current flow from the 

reduction / oxidation reactions occurring on the surface of the electrodes. 

The reference electrodes should be a high impedance input, so that the 

faradic current through the reference electrode is negligible. Any large 

currents flowing through the reference electrode would cause a voltage 

drop across the electrode distorting the potential set on the working 

electrode.  

• Rref represents the potential drop across the solution and reference 

electrode. 

• Rc and Ru represent the compensated and uncompensated potential in the 

bulk solution when current is flowing. The purpose of the reference 

electrode is to act as a non-polarised electrode which, by placing in close 

vicinity of the working electrode, reduces and compensates for the effect of 
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the potential gradient when the current is nonzero. iRc represents the 

potential compensated by the reference electrode while iRu represents the 

uncompensated potential.  

Theory of measurement 

The carbon-paste electrodes for oxygen sensing produced by Blue Box sensors 

exploit the general operational principle of electrochemistry referred to as the 

diffusion limited reaction. It is the nature of this property which makes the 

electrode sensitive to oxygen.  

 

Figure 19: Overall processes in the transport of charge to and from the carbon paste electrode 
(adapted from [96]). 

As described earlier, when a potential is applied to the carbon paste electrode 

there is a resulting current flow from the reduction of oxygen, this depends on 

several important processes: transport of oxygen to the electrode, adsorption 

directly to the working surface, electron transfer, and removal of reactant 

products. These are shown for one possible oxygen reduction mechanism in Figure 

19. While this shows only the working electrode, similar oxidation occurs at the 

auxiliary electrode to complete the circuit and provide charge balance. The 

relative surface area of the auxiliary electrode is orders of magnitude larger than 

the surface area of the working electrode, thus the resistance of the interface 

between solution and auxiliary electrode is insignificant. The auxiliary electrode 

can be thought of as a means to complete the circuit to allow a path for electrons 

to flow. 
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The overall process shown in Figure 19 can be described simply by: 

����� → ����	
��
����	����	
�� → ����� 

The electrochemical reduction of oxygen occurs on the surface of the working 

electrode [18]: 

�� + 4�� + 4�� → 2��� 

Which occurs through a hydrogen-peroxide intermediate: 

�� + 2�� + 2�� → ���� 

���� + 2�� + 2�� → 2��� 

The potential of the working electrode is set to drive these reactions. At steady 

state, all reaction steps are in series and are limited by the rate-determining step 

and can be described by the reciprocal sum of the currents passed through each 

step: 

1
� = 1

���	 + 1
��� + 1

� /� 
(1-1) 

 
 

Delmastro and Smith proposed that the rate-determining step be represented by 

three terms [98]. The terms correspond to mass transport by diffusion (idif), 

kinetics of reaction occurring on the electrode surface (ikin) and an additional term 

for the thermodynamics and diffusion of reactant products (it/d). Therefore in the 

case where the reaction occurs at such a rate where the system is limited by mass 

transport, the 1/ikin term can be considered insignificant and the overall current 

flow can be described by diffusion. Further derivations for this steady state 

system have been explored in [95].  

For an electrode which is limited by diffusion, the transportation of oxygen can 

be described in a simple case by Flick’s law of diffusion, in the one dimensional 

case: 

" = −$ %&
%' 

(1-2) 
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This clearly shows that the diffusion is dependent upon the concentration 

gradient of the diffusion species: Molecular oxygen. Due to the reduction of O2, a 

concentration gradient is developed between the surface of the electrode and the 

bulk solution. As this is the rate determining step, the current measured is 

directly dependent on this concentration gradient and thus directly proportional 

to the concentration of oxygen in the bulk solution. This is the fundamental basis 

of the carbon paste electrode for oxygen sensing and can be expressed as the 

Cottrell equation [99] for a semi-infinite spherical diffusion field.  

�()* = ��()* = 	+,-$.
//�&.∗

1//�)//� + +,-$.
//�&.∗
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i = current (A) 
n = number of electrons (to reduce/oxidize one molecule of oxygen) 
F = Faraday constant, 96,485 C/mol 
A = area of the electrode (cm2) 
C*

O = initial concentration of oxygen (mol/cm3) 
Do = diffusion coefficient for oxygen (cm2/s) 
t = time (s) 
r0 = radius of electrode (cm) 

(1-3) 

 

 

This equation shows the relationship between the current and concentration. It is 

important to notice that there is no dependence upon the potential of the 

electrode. Also because the CPE operates at steady state, the first term goes to 

zero, relating concentration of oxygen to measured current in a linear fashion. A 

rigorous deviation of equation (1-3) can be found in [96].  

Constant potential amperometry (CPA) is the name of the electrochemical 

technique used with the carbon paste electrode for quantification of oxygen 

concentration. Amperometry is simply the technique where the potential is 

clamped either continuously or for a brief period of time whilst the current is 

measured. Constant potential, sometimes called single-potential or direct current 

(DC) amperometry refers to the amperometry technique where the potential is 

applied to the working electrode at a constant value. For the diffusion limited 

reaction of oxygen on the carbon paste electrode, a constant potential is set to 

drive the reactions on the surface of the electrode into a diffusion limited region 

where the steady state current flow simply depends upon the concentration of 

oxygen. 
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To set the electrode to work in the diffusion limited region the potential is set 

which corresponds with this region. At a certain potential, the energy level is high 

enough that the oxygen is reduced at a rate faster than the rate oxygen is 

supplied to the electrode surface from diffusion. Therefore, by selecting a 

potential greater than the reduction peak it can be ensured that the electrode 

operates in the diffusion limited region.  

To update the circuit model (Figure 20) of the three electrode electrochemical cell 

introduced earlier, the model can be simplified for the steady state case of the 

carbon paste electrode during constant potential amperometry. 

 

Figure 20: Simplified circuit model of a three electrode electrochemical cell at steady state [89]. 

The carbon paste electrode provides sensitivity to oxygen by the change in 

current output which is detected by the instrumentation (potentiostat) and is 

directly proportional to the change in the oxygen concentration at the site of 

measurement.  

 

Figure 21: (A) Example of a sensitivity analysis of a CPE O2 sensor at physiologically relevant 
concentrations carried out in PBS, pH 7.4 at -650 mV vs. SCE. (B) Amperometric calibration 

plot for the quiescent steady-state data shown in (A) [86]. 

This sensitivity has been validated in-vitro by applying known concentrations of 

oxygen in solution and measuring the resulting current response. Bolger et al [86] 

added 5 aliquots of known oxygen concentrations into a 10 mL N2 purged PBS 

solution at pH 7.4, and was mixed thoroughly with a magnetic stirrer (Figure 
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21A). Each step corresponded to 0, 25, 50, 75, 100 and 125 µM respectively. A 

carbon paste electrode was used with CPA at a potential of -650 mV. The current 

response was measured with a commercial potentiostat (BiostatIV, ACM 

Instruments, Cumbria, UK). The quiescent steady state current response and 

oxygen concentration were plotted and linear regression performed. Bolger et al 

[86] determined the sensitivity of the electrode to be −1.09 ± 0.03 nA/µM 

(R2 = 0.998, n = 4) with a subsecond response time and a calculated limit of 

detection of 0.09 µM. 

 

Figure 22: (A) Typical response from hypoxia (100% N2 inspired) in the striatum of a tethered 
rat (B) Typical response from hyperoxia (100% O2 inspired) in the striatum of a tethered rat [35]. 

 

Figure 23: Effect of systemic administration of the carbonic anhydrase inhibitor acetazolamide on 
(A) Regional Cerebral Blood Flow (rCBF). (B) Brain tissue oxygen concentration [35]. 

Sensitivity can be validated in-vivo by applying a stimulus that alters the oxygen 

content of the tissue and measuring the resulting current change. While this 

cannot be used for in-vivo calibration due to the variability in oxygen 

transportation throughout the body it can give an indicator of the gross 

sensitivity of the sensor to oxygen concentration. For oxygen sensors this can be 

performed in a few different ways, such as varying the inspired oxygen 
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concentration of the animal, arterial occlusion or using a pharmacological 

intervention.  

Bolger et al [35, 86] varied the inspired oxygen concentration by holding a gas 

outlet 2-3 cm from the animal’s snout for a 3-min period. 100% O2 and 100% N2 

was then applied at 150 mL/min to achieve hyperoxia and hypoxia respectively 

(Figure 22A/B).  

The carbonic anhydrase inhibitor, acetazolamide (Sigma Chemicals) has 

historically been used as an example of a pharmacological intervention which 

alters oxygen concentration in brain tissue [35, 100]. Previous oxygen probe 

experiments by Clark and Lyons [100] and Bolger and Lowry [35] used repeated 

applications of the carbonic anhydrase inhibitor, acetazolamide. This compound 

has been observed to cause increases in cerebral blood flow [101]. Bolger and 

Lowry [35] also coupled the measurement of oxygen from a carbon paste electrode 

with a Pt/Ir electrode for the H2 clearance technique for the measurement of 

cerebral blood flow (Figure 23A). Using this technique Lowry et al [102] have 

shown that the measurement of brain tissue oxygen concentration from a carbon 

paste electrode can be used as an index of increases in regional cerebral blood 

flow. 

Instrumentation for measurement 

The instrumentation which is required for CPA using carbon paste electrodes is 

outlined in Figure 16. This section overviews different methods for potentiostatic 

control and the resulting current measurement. The basic functionality described 

earlier can be implemented using the operational amplifier (opamp) configuration 

shown in Figure 24. Using this setup, the potential difference between the 

working electrode and the reference electrode can be set via a voltage divider to 

bias the non-inverting terminal on the opamp and the resulting current flow can 

be measured through a shunt. 
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Figure 24: Simple potentiostat implementation with current measurement and adjustable 
potential control [99]. 

The configuration shown in Figure 24 uses a high-side shunt, which can require 

additional circuitry due to the high common mode voltage of this measurement 

[99]. An alternative configuration is the use of a low-side shunt for current 

measurement (Figure 25b/c). Ideally the low-side shunt resistance should be 

minimised, to prevent the voltage drop across the resistor affecting the potential 

of the working electrode. Low value resistors also exhibit better accuracy, 

temperature stability and reduced time constants for fast response times as 

described in [103].  

 

Figure 25: Different methods for low-side current measurement [89]. (A) Transimpedance 
amplifier configuration. (B) Low side shunt with non-inverting amplifier configuration (C) Low 

side shunt with inverting amplifier configuration. 
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A transimpedance amplifier is commonly used for low current measurements as it 

provides very low input impedance as the working electrode is held at a virtual 

ground (Figure 25a). A typical implementation of a transimpedance amplifier for 

low current measurement is shown in Figure 26, which provides amplification 

from 102 to 104.  

 

Figure 26: Suggested transimpedance amplifier configuration for low currents [99, 104]. 

The potentiostatic function of the circuit, which controls the potential of the 

electrode, can be performed by a voltage follower as shown in Figure 27B and is 

described in detail by Kissinger [89]. It is most common to use an adder-type 

potentiostat configuration which utilizes two opamps as shown in Figure 27A, 

analysis of this circuit can be found in [63]. Ideally the reference electrode should 

have zero current to prevent oxidation of the silver wire. Therefore the benefit of 

using a two opamp configuration is that the opamp for the voltage follower OA-2 

can be chosen to have a very high input impedance to prevent the degradation of 

the reference electrode, while OA-1 should be chosen to have a sufficient output 

drive for the electrochemical cell. This configuration also allows for the 
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acquisition of the reference potential as the output of the voltage follower can 

easily be used to drive an ADC. 

(a)  

(b)  

Figure 27: Common potentiostat configurations. (A) An adder-type potentiostat. (B) A follower-
type potentiostat [89]. 

Kissinger [89] proposes a potentiostat circuit for use with multiple working 

electrodes, which can be driven at different potentials. Muarai et al [105] and 

Sungkil et al [106] have developed potentiostat circuits for electrochemical 

techniques in dedicated integrated circuits. Other novel configurations include the 

use of a current to frequency converter to take the current measurement from an 

electrochemical sensor with a microcontroller as proposed by Steinberg [107]. 

Software potentiostats have been investigated, such as the circuit by Huang et al 

[108] which uses a SOC microcontroller to provide the control of the working 

electrode potential. 

Integration with telemetry 

An outcome of this thesis is the development of a fully implantable telemetry 

system which incorporates a miniaturized potentiostat for the in-vivo 

measurement of oxygen concentration from a carbon paste electrode. A 

potentiostat based on the configurations discussed in section 0 will be 

miniaturized for the frontend analog circuitry on the implantable telemeter. The 

use of carbon paste electrodes provides chronic measurement of in-vivo oxygen 

concentration, while the telemetry system enables continuous, chronic, lifetime 
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measurement of the in-vivo physiological signals from a freely moving laboratory 

rat. The integration of the carbon paste electrodes with the fully implantable 

telemetry system and miniaturized potentiostat enables the novel ability to 

measure in-vivo tissue oxygen concentration from a freely moving animal, 

continuously and potentially for the lifetime of the animal.  
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1.5. Challenges associated with rodent telemetry 

While there are commercial telemetry systems available which are suitable for use 

in rats and mice, these systems have performance limitations as described in 

section 1.2. Typically the design of the telemetry system requires a tradeoff 

between the following performance characteristics (outlined below). Existing 

telemetry systems overcome these design challenges by developing telemetry 

which is suitable for very specific applications, such as compromising battery life 

for increased bandwidth. While this may be suitable for some experiments, there 

is a need for a more generalised telemetry system which has minimal physical 

impact and can provide continuous high bandwidth measurements for the lifetime 

of the animal. Specific design constraints related to these desired performance 

characteristics will be introduced in Chapter 2 and 4.  

• Size: Ideally, the size of implantable telemetry should be minimised to 

reduce the weight burden on the animal and to prevent any detrimental 

physiological effects on the animal’s internal organs. In general the 

implanted telemeter has a battery, circuitry and biocompatible 

encapsulation. While the circuitry size can be reduced with the use of 

flexible circuit boards and application specific integrated components, and 

the amount of encapsulant can be minimised with techniques such as 

paralyne coating, the main bulk of the telemeter is in the battery. 

Therefore the power consumption of the telemeter is a critical constraint in 

minimizing the size of the implanted telemeter. 

• Bandwidth: The bandwidth of the telemetry system should be set 

optimally to capture the high frequency content of the measured signal. 

The downside of high bandwidth measurements is the high sampling rate 

required and the high RF data throughput, resulting in a greater power 

consumption from the ADC and wireless communications.  

• Continuous operation: Existing telemetry systems are often scheduled 

to run for short periods of time to preserve battery life. The ability to 

continuously measure physiological signals from the implanted telemeter is 

useful in experiments such as detecting seizures or arrhythmias. The 
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downside of continuous operation is the power consumption impact that 

comes from continuously transmitting data.  

• Chronic measurements: Ideally, the researcher should not be limited by 

the battery lifetime of the implanted telemeter. The length of the 

experiment should be set by the experimental protocol, not the technical 

constraints of the telemeter. This is particularly difficult in the case of 

chronic experiments which have very long time lengths in the order of 

years or potentially the animal’s lifetime due to the power requirements of 

the telemeter.  
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1.6. Telemeter powering: Inductive power transfer 

Power consumption is the dominating challenge facing implantable telemetry. 

The majority of telemetry systems compromise time of operation and bandwidth 

to enable chronic measurements. A novel implementation introduced in section 

1.2 is the utilization of wireless power. By powering the telemeter from an 

inductively coupled source the battery bulk can be reduced or even removed, 

which reduces the size of the telemeter and provides, potentially, a lifetime source 

of power for high bandwidth continuous chronic measurements. 

The work presented in this thesis is about obtaining the signals identified in 

section 1.4 using techniques of inductive power transfer (IPT) to provide high 

bandwidth, continuous and chronic measurement of ECG in mice and oxygen 

concentration in rats. This section overviews the telemetry system platforms for 

the rat and the mouse which have been the starting point for this work.  

1.6.1. Rats 

The telemetry system which will be employed for use with rats, is of a previous 

design by Budgett et al [11] introduced in section 1.2, this telemetry system 

overcome the challenges presented in section 1.5, to enable continuous chronic 

measurement of physiological signals from a fully implanted telemeter. The 

telemetry system, commercially available from Telemetry Research Limited, is 

shown in Figure 28.  

 

Figure 28: A telemetry system platform powered by inductive power transfer [109]. 
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Inductive power transfer is employed, with primary coils placed under the rat’s 

home cage. A pickup coil on the implanted telemeter enables the provision of 

power for recharging the lithium ion battery when coupling between the coils is 

sufficient. The coupling between the primary coils and the pickup coil will not be 

sufficient all of the time, but the premise is that as the rat moves around the cage 

coupling will become sufficient for periods of time which is necessary to recharge 

the battery. The primary coils are driven by a push pull resonant inverter and 

the pickup coil is a parallel resonant tank.  

 

Figure 29: Basic structure of an inductively coupled power transfer system for implantable 
devices (Adapted from [11]). 

The telemeter has an nRF24LE1 (Nordic Semiconductor) microcontroller with an 

embedded 2.4 GHz RF transceiver. On the telemeter the microcontroller acquires 

the signal, a measure of the power received and status on the battery charge. The 

measure of power received is acquired as the DC voltage after rectification and 

smoothing. The RF communications transmits the signal data and powering 

status. By feeding back the power received value and a measure of battery 

charge, the receiver will regulate the AC track current magnitude. A receiver 

with an nRF24LE1 microcontroller with RF transceiver reconstructs the signal 

data to an analog output and regulates the wireless power flow. The analog 

output of the measured signals can then be acquired by one of many data 

acquisition systems on the market.  

1.6.2. Mice 

The mouse system differs from the rat system as greater miniaturization is 

required. Implantation is enabled by removing the battery from the telemeter. To 
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meet the power requirements for high bandwidth, continuous and chronic 

measurements, a novel inductive power transfer will be utilized. This section will 

overview the IPT system developed by McCormick in [110]. The overall system is 

made up of the implantable transmitter, an inductive power transfer system for 

ensuring continuous operation and a receiver which reconstructs the analog signal 

and controls the IPT. 

The challenge for powering a mouse telemeter is to remove the internal battery, 

and provide a magnetic field appropriate for powering the device at all times. The 

application of wirelessly powering a device implanted in a freely moving animal is 

potentially difficult as the system must be able to deliver power independent of 

position and orientation to allow the animal free movement around its home cage. 

Maximum power transfer at a given point can be achieved when the magnetic 

field from the primary coil generator axially aligns with the pickup secondary coil. 

However, power transfer can also be achieved when the alignment is sufficiently 

adequate.  

 

Figure 30: (A) A single planar coil showing the three generator orthogonal field vectors. (B) The 
four layer overlapping pattern of the planar coils to overlay the orthogonal field vectors. 

A novel approach, first described by McCormick [110], is the use of an array of 

planar rectangular coils to generate an arbitrarily orientated field vector. When a 

single coil is operating, the direction (and magnitude) of the field vector will vary 

at different physical points (Figure 29A). McCormick proved that arranging the 

planar coils with the correct overlap and on four layers, enabled an arbitrarily 

aligned magnetic field to be generated. The coil positioning creates a repeating 

pattern which is displaced by half a diameter per layer (Figure 30B). Therefore 
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by selecting the appropriate coil, sufficient power is available in any orientation 

regardless of the location on the pad.  

 

Figure 31: The schematic of the inductive power transfer system and the proposed powering 
scheme of a fully implanted telemeter. 

The coils are driven by a full bridge series resonant inverter. As shown in Figure 

31, the coils (L1…LN) are in parallel so they can be electronically switched in 

series with the resonant capacitor (C) via solid state relays (S1…SN). The 

resonant frequency is tuned using a phase locked loop, in order to lock the 

resonant current and gate drive signals in phase. A prototype system has been 

built which can deliver power to an arbitrarily oriented pickup coil over an area 

of 150 mm x 375 mm to cover the base of a mouse cage.  

A parallel resonant pickup is used on the telemeter for continuous battery-less 

operation. It is proposed that the telemeter has RF communications for feeding-

back a measure of the power received by the telemeter and the acquired 

physiological signal. A receiver will reconstruct the analog signal and control the 

switching of the coils via a SPI interface. Each coil in the primary parallel 

configuration can be selected by sending the appropriate address of the coil to a 

port expander.  

There are many potential control schemes to choose the appropriate coil to 

achieve energy transfer to a pickup at an arbitrary location. One approach is to 

steer the magnetic field vector to match the pickup orientation by turning on 

pairs of coils and controlling the current magnitude in each coil. A simpler 
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approach is to turn a single coil on at a time. If no power or not enough power is 

available, other coils are tested until one is found which delivers the required 

amount of power. With this scheme the controller has no feedback on the 

orientation of the pick-up and only knows whether the telemeter is receiving 

enough power. This scheme was demonstrated by Russell et al [111] to provide a 

minimum power level to an arbitrarily orientated pickup using a field from one of 

a finite set of primary coils. 

  



 

47 

1.7. Objective and scope of this thesis 

In this chapter a range of signals suitable for chronic measurement from a fully 

implantable telemetry system were introduced. Two of these signals; the chronic 

measurement of oxygen concentration from a freely moving rat and high 

frequency electrocardiogram measurements from a freely moving mouse, were 

identified as signals of particular interest to end users which are not available in 

the current state of the art telemetry. The background to these signals was 

described and the associated measurement techniques suitable for integration with 

implantable telemetry were outlined. 

The objective and scope of this thesis is to describe: 

• The development, integration and evaluation of a potentiostat with an 

inductively powered telemetry system for the continuous and chronic 

measurement of tissue oxygen concentration from a freely moving rat.  

• A potential physiological application for measuring brain tissue oxygen 

concentration in a conscious rat  

• The development and evaluation of a telemeter with the integration of a 

novel form of inductive power transfer to enable continuous and chronic 

measurement of high bandwidth electrocardiogram measurement from a 

freely moving mouse.  

 

The ensuing chapters describe these wireless implantable microdevices from 

design, through to evaluation and potential end-user applications. The chapters 

are organised as follows: 

Chapter 2 describes the design of a telemeter with instrumentation necessary for 

the measurement and control of carbon paste electrodes for the continuous and 

chronic measurement of oxygen concentration suitable for implantation in rats. A 

prototype will be presented which will be evaluated for its ability to measure in-

vivo oxygen concentration from a conscious freely moving rat. 

Chapter 3 describes one potential application for the oxygen concentration 

telemeter presented in Chapter 2. The experimental method for measuring brain 
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tissue oxygen concentration from a freely moving rat will be presented and the 

ability of the telemetry system to detect a physiological change in oxygen 

concentration will be demonstrated. The content of this chapter is the basis of a 

paper published in the Journal of Neuroscience Methods. 

Chapter 4 describes the development of a telemeter utilizing a novel form of 

inductive power transfer for the high bandwidth electrocardiogram measurement 

from a freely moving mouse. The design of the mixed signal circuitry, 

encapsulation of the telemeter and a novel control scheme for enabling continuous 

operation will be presented. The performance of a prototype system will be 

evaluated for its ability to continuously and chronically measure 

electrocardiogram from a freely moving mouse.  

Chapter 5 will conclude this thesis by summarizing the outcomes of this PhD 

research. This will include achievements and contributions made in this thesis 

and describe potential future directions of this research topic.  
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Chapter 2. Chronic oxygen measurement in freely 

moving rats. 

2.1. Introduction 

This chapter describes the development and validation of a fully implantable 

telemeter suitable for the continuous and chronic monitoring of in-vivo tissue 

oxygen concentration in freely moving rats. The outcome of this chapter is the 

integration of a carbon paste electrode (which exhibits long term in-vivo stability) 

with a fully implantable telemetry system that is able to continuously and 

chronically monitor in-vivo physiological signals. The background to these 

technologies was presented in Chapter 1. Implantation into a rat requires the 

integration and miniaturization of these two novel technologies and development 

of a potentiostat, which is typically a bench instrument. The design constraints 

which will be referred to in this chapter are as follows: 

• Measurement range. Typically, the maximum possible oxygen 

concentration which could be exhibited in tissue is equivalent to the 

concentration of air dissolved in saline. From Bolger et al [112], this 

implies the requirement of a measurement range of 0  µM to 240 µM. The 

sensitivity of the electrodes is specified to be within the range of 1 nA/µM 

to 2 nA/µM, requiring the current to voltage conversion instrumentation 

to possess a measurement range of 0 nA to 480 nA to capture the 

maximum output of the sensor. 
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• Detection limit. Carbon paste electrodes have been used extensively in 

brain tissue. Lowry et al showed that neuronal activation from a tail pinch 

stimulus in a tethered rat generated changes in the oxygen concentration 

of the left striatum of 10.8±1.9 nA from the mean baseline [102]. Which 

gives a target resolution of <10 nA. The magnitude of changes in other 

regions and tissues are not currently well defined but it is expected that 

the changes are in the same order as that seen in brain tissue.  

• Potential control. As described in [99], the potential can be within the 

diffusion limited range of the carbon paste electrodes (-500 mV to -1 V) 

where the output current will be directly proportional to the oxygen 

concentration. The manufacturer of the carbon paste electrodes (Blue Box 

Sensors Limited, Dublin) suggest a nominal -650 mV value for the 

potential applied with respect to the reference electrode.  

• Bandwidth. The measurement principle of carbon paste electrodes relies 

upon a diffusion-limited process that bounds the bandwidth of the oxygen 

concentration measurements. In the striatum, the change in oxygen 

concentration after the removal of a tail pinch resulted in a return to 

baseline after 10 minutes, suggesting that the changes of interest require a 

bandwidth of less than 1 Hz [102]. A benefit of carbon paste electrodes 

over other oxygen sensors, as described in Chapter 1, is the long term 

stability of the sensor. Therefore, researchers implanting carbon paste 

electrodes for oxygen measurements will typically be interested in the long 

term response of oxygen concentration. For fast changing signals such as in 

a response to hypoxia, a bandwidth of <25 Hz would be suitable for 

capturing the dynamic response of the signal from the carbon paste 

electrode.   

• Telemeter size. The telemeter must be suitable for full implantation in a 

rat and be of a suitable size to allow unobstructed movement. Moran et al. 

shows that telemeters up to 15% of body weight implanted subcutaneously 

in rats did not affect the health or well-being of the animal [113]. As rats 

are often greater than 200 g this observation suggests a 30 g limit to the 

telemeter weight. In addition, the carbon paste electrodes must be able to 
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be implanted in tissue independent to the location of the telemeter in order 

to allow the measurement of oxygen in a variety of different tissues.  

• Power consumption. The existing telemetry platform has a 75 mAh 

battery which is sufficient to continue to power the telemeter throughout 

normal rat activities over a 24 hour period when, at times, no IPT power 

is available. To prevent discontinuous measurements, the average total 

current consumption must be <15 mA. 
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2.2. Circuit overview 

The existing telemetry system introduced in Chapter 1 is a suitable platform as it 

meets the design requirements required for integration with a miniaturized 

potentiostat. The telemeter has an nRF24LE1 microcontroller (Nordic 

Semiconductor) with an embedded 2.4 GHz transceiver chip and a 12 bit ADC. 

The peak power consumption of the microcontroller during packet transmission is 

11.1 mA. The inductive power transfer system enables continuous and chronic 

monitoring of physiological signals at a sampling rate of 2 kHz as previously 

demonstrated by Budgett et al [11].  

The signal path from the analog frontend on the telemeter to the analog 

reconstruction output on the receiver is shown in Figure 32. Two operational 

amplifiers (LT6011) with an RC filter are used to drive two channels of the ADC, 

enabling the capture of the current measurement and a monitor of the applied 

potential. The ADC provides sufficient resolution for the required detection limit 

of 10 nA over the physiological range of 0-480 nA. The receiver also contains an 

nRF24LE1 microcontroller for receiving the data and reconstructing the signal. 

Two 12 bit DACs (AD5320) are used to reconstruct the two signals, which are 

buffered by two operational amplifiers (AD820) and RC filtered to drive 50 Ω 

coaxial cables for analog outputs. The benefit of converting the digital signal to 

analog signal is to allow compatibility with existing data acquisition system and 

analysis software. 

 

Figure 32: The signal path of the oxygen concentration measurement, from acquisition at the 
electrodes and digitization on the telemeter, to the wireless transmission and signal 

reconstruction on the receiver. 
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The potentiostat configuration chosen for miniaturization is a two-operational 

amplifier adder-type potential controller with a transimpedance amplifier current 

measurement (Figure 33). This is a classical, well-proven design for low current, 

low voltage potentiostatic measurements. While the two-operational amplifier 

potential control configuration takes up more PCB space than a single opamp 

follower configuration, it is easier to drive an ADC for the measurement of the 

reference potential for diagnostics. The measurement of the applied potential is 

helpful for diagnostics because it can detect if the electrodes are physically in 

contact with the tissue. The transimpedance configuration for the current 

measurement was chosen as it can be implemented with a small number of 

components, can measure the current without disturbing the applied potential of 

the working electrode, and is less sensitive to ground ripple making it ideal for 

measuring small currents. 

 

Figure 33: Schematic of the proposed potentiostat, a voltage divider sets the potential difference 
between the working electrode (WE) and reference electrode (REF) and is driven by auxiliary 

electrode (AUX). A transimpedance amplifier measures the resulting current. 

  



Chapter 2 

54 

2.3. Power supply considerations 

The telemeter contains a regulated analog power supply (+VCC) of +3 V, and a 

1.2 V voltage reference. Both the analog power supply rail and the analog ground 

rail have dedicated planes in the PCB to promote low impedance paths. As there 

is a limited analog supply range, it is important to describe the swing of the three 

amplifiers of the potentiostat to ensure correct operation without hitting the rails 

on the opamp.  

• The output of the transimpedance amplifier is inverted. If the non-

inverting terminal is biased at a reference voltage of 1.2 V from analog 

ground, the output will swing from 1.2 V (0 nA), down to the lower 

voltage swing specification of the opamp (max current) which is dependent 

upon the gain.  

• For the potentiostat, the reference potential needs to be 650 mV higher 

than the working electrode, which is 1.9 V above analog ground.  

• The operational amplifier to drive the auxiliary electrode is biased at 1.2 V 

and must provide the 650 mV required for the difference between the 

reference and the working electrode and have excess to account for the 

voltage drop over the compensated resistance (auxiliary electrode). With a 

3 V rail, the voltage drop can be up to 1.15 V before saturating the output 

to the amplifier.  

The 1.15 V drop provided is the best estimate to account for the maximum drop 

over the compensated resistance. With the auxiliary electrode working area larger 

than the working area of the carbon paste electrode, it is expected that the 

voltage drop over the electrode interface of the auxiliary to be less than the 

voltage drop over the carbon paste electrode. The voltage drop across the carbon 

paste electrode is naturally -650 mV, therefore it is expected that the voltage 

drop across the auxiliary electrode to be less than 650 mV.  
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2.4. Potentiostatic current measurement 

The gain of the transimpedance amplifier is set by the value of RG in Figure 33. 

To follow the design constraints, a value of 2 MΩ is selected which will convert a 

current of 480 nA to an output voltage of 0 V. However, to guard against possible 

offsets, a more conservative approach has been followed. Setting the gain to 

1x106 V/A with a 1 MΩ resistor allows an input current of up to 1250 nA, 

allowing some protection against the possibility of signal drift, at the expense of 

decreasing the resolution from 0.15 nA to 0.30 nA. This input range means it is 

possible to measure whether signal drift is occurring in addition to the dynamic 

changes in oxygen concentration. The bandwidth is limited by a first-order RC 

low-pass filter with a -3 dB point of 24 Hz, consistent with the bandwidth design 

constraint. The amplifier has an output swing of 0 V to 1.2 V; with this gain 

setting the input current can swing from 0 nA to 1250 nA, more than double the 

required output constraint described earlier (0 nA to 480 nA) to capture the 

desired physiological oxygen concentrations.  

The output of the transimpedance amplifier is expressed by the following 

equation: 

4567_.95 = 4:_;<= − (�>?. �A
�* (2-1) 

Where: 

VV_REF = 1.2 V 

Iox = The current flowing through the carbon paste electrode (A) 

Rgain = 1 MΩ 

 

 

To meet the design requirements for the potentiostat, the following considerations 

were taken for selecting the opamp for the transimpedance amplifier:  

1. Low noise. A large gain of the amplifier results in a large output referred 

noise. The overall noise figure can be quantified by combining the 

contributions of the noise sources in the transimpedance amplifier circuit: 
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Thermal noise of the feedback resistor, expressed by: 

4 =	√4CDE� 

Where: 

k = Boltzmann’s constant (1.38x10-23 joules/oK) 

T = Absolute temperature (K) 

B = Noise bandwidth (Hz) 

R = Resistance (Ω) 

(2-2) 

 

The thermal noise in this resistor can be minimised by reducing the signal 

gain (RG), or decreasing the bandwidth.  

 

Amplifier’s input current noise, expressed by shot noise of the amplifier: 

4 = 	�F2GHI�E 

Where: 

R = Feedback resistance (Ω) 

q = Electron charge (1.6 x 10-19 coulombs) 

IB- = Average input bias current (A) 

B = Noise bandwidth (Hz) 

(2-3) 

 

The input current noise is typically specified by the amplifier 

manufacturer, but can be minimised by choosing an amplifier with a low 

input bias current and limiting the system bandwidth. Typically 

transimpedance amplifiers will utilize FET-input operational amplifiers 

which have an input bias current in the pico-ampere range. An amplifier 

can be selected with a low input bias current to minimise the effect of shot 

noise in the amplifier. 

2. Low input bias current. The current flowing into the input to the 

amplifier will result in an offset in the output voltage. Selection of an 

amplifier with FET inputs will decrease the DC offset to a negligible level. 

3. Low power. The power consumption of the analog frontend must be 

minimised as described in the design constraints. The maximum output 

current required for driving the carbon paste electrode at maximum 

oxygen concentration is 1.7 µA. The opamp for driving the auxiliary 
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electrode and the transimpedance amplifier must be able to drive this 

output current. The power consumption of the opamps must also be 

minimised. The ideal opamp would have a supply current of <100 µA. 

4. Temperature stability. Temperature stability of the operational 

amplifier will affect the input voltage offset, which will affect the applied 

potential of the working electrode. As the applied potential has a wide 

working range the effect of temperature stability on the opamp is 

negligible. The temperature stability of the feedback resistor (RG) is 

important, as changes in the resistor value will cause drift in the output 

voltage gain. 

5. Size. The size of the transimpedance amplifier must be minimised. 

Opamps available in small packages and that require a low component 

count will be advantageous. The 0402 package for discrete components 

offers a size which minimizes the circuit area and can be soldered by hand 

for prototyping. The amplifier will take up considerable space on the 

circuit; amplifiers in small outline transistor (SOT) packages, micro small 

outline packages (MSOP) or chip scale packages (CSP) with a maximum 

footprint area of 4 mm x 4 mm are suitable for integration into the 

telemeter. 

Several operational amplifiers were considered; the performance characteristics of 

each are outlined in Table 1. The AD850X (Analog Devices) series of operational 

amplifiers offered excellent performance across the design requirements, especially 

with the availability of the chip in a wafer level chip scale package (WLCSP) 

resulting in a footprint size of only 0.9 mm x 1.4 mm. Unfortunately at the time 

of prototyping the AD850X amplifier was only available as a pre-release product 

and was not available for purchase. The range of other operational amplifiers 

considered all had a very low input current noise ranging from 0.6 fA/√Hz for the 

TLV2211 (Texas Instruments) to 50 fA/√Hz for the AD860x (Analog Devices) 

series. The current consumption of the TLV2211 series was outstanding with a 

quiescent current of 13 µA. The trade-off for this characteristic was a larger input 

bias current and a lower output current drive range. The LMP2231 (National 

Semiconductor) was considered the best selection due to its low current 
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consumption of 16 µA, good input current noise 10 fA/√Hz, and its availability in 

a 5-pin SOT32 package with a maximum footprint area of 3 mm x 3 mm. 

Model Current 
consumption 

(µA) 

Output 
current 

MAX (mA) 

Input bias 
current 

MAX (pA) 

Input 
current 

noise MAX 
(fA/√Hz) 

Package size 

AD8505, AD8506, 
AD8508 
(Pre-Release) 

20 45 10 15 6-ball WLCSP 
(0.9 x 1.4 mm) 

AD8603, AD8607, 
AD8609 

50 70 1 50 5-pin TSOT  
(3 x 3 mm) 

LMP223x 16 8 1 10 5-pin SOT23  
(3 x 3 mm) 

TLV2211 13 0.02 60 0.6 5-pin SOT23  
(3 x 3 mm) 

TLV2761 20 7.3 15 0.8 5-pin SOT23  
(3 x 3 mm) 

TLV278x 770 17 15 0.9 5-pin SOT23  
(3 x 3 mm) 

OPA334, OPA2334, 
OPA335, OPA2335 

350 50 200 10 5-pin SOP  
(3 x 3 mm) 

Table 1: Comparison of operational amplifiers for the potentiostat circuit. 

Simulations of the transimpedance amplifier produce predictions of the 

performance characteristics of the circuit before prototyping. The noise spectral 

density and total noise value can be estimated using models of the operational 

amplifier and the discrete components. A model was developed in LTSpice IV 

(Linear Technologies) utilizing a macro model of the operational amplifier 

(LMP2231) provided by National Semiconductor (Figure 34). This macro model 

is specified to model the input voltage noise with 1/f noise and the input current 

noise as described earlier. 

 

Figure 34: LTSpice model for noise analysis of the transimpedance amplifier, with a macro model 
of the LMP223X opamp. 
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By using the 1x106 V/I gain on the amplifier, the output referred noise of the 

transimpedance amplifier can be estimated in terms of the current (Figure 35). 

The total output referred noise was 8.9 µV which was calculated by integrating 

the noise spectral density from 0.1 Hz to 10 kHz. This results in an input referred 

noise of 8.9 pA. This noise level is three orders of magnitude less than the 

required resolution of the oxygen measurement of 10 nA. It is expected that the 

detection limit of the oxygen measurements is limited by the resolution of the 

ADC.  

  

Figure 35: The noise spectral density (input referred) simulated from the LTSpice model for the 
transimpedance amplifier. 

Since small currents are being measured by the transimpedance amplifier, the 

input leads will be sensitive to leakage currents. It has been suggested in [114] 

that shielding may be required for low current measurements to prevent noise 

saturating the preamplifier. In electrochemical cell measurements, leakage 

currents most commonly occur due to interference with other signals on the leads 

leading back to the amplifier input. The working electrode, leads and PCB traces 

must be sealed to ensure that other electroactive species will not be reduced on 

these surfaces. 

The output of the transimpedance amplifier drives the next amplifier stage for 

driving the ADC input. The ADC requires a 0 nA to 1.2 V signal, driven by a 

sufficiently fast opamp. To maintain the full scale resolution of the signal the 
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output of the transimpedance amplifier is scaled, offset and inverted. This 

prevents an oxidation current of 0 nA (which equates to a transimpedance 

amplifier output voltage of 1.2 V) from saturating the input to the ADC. This 

function is performed by an operational amplifier in a summing configuration. 

The 12 bit resolution of the ADC and the 0 nA to 1250 nA current swing 

produces a resolution of 0.31 nA/bit. The detection limit of the oxygen 

measurement will, therefore, be limited by the resolution of the ADC not the 

internal noise contribution of the transimpedance amplifier circuit. 

The implementation of current measurement in this circuit meets the design 

constraints described earlier. The measurement range successfully captures the 

physiological range of oxygen concentration while providing a buffer to allow for 

leakage current. The detection limit of the current measurement is constrained by 

ADC resolution and has a range that successfully spans the physiological range of 

the oxygen signal. The bandwidth is acceptable for capturing the changes of 

interest in the oxygen signal, whilst limiting the noise bandwidth. The physical 

implementation is minimised to a 3 mm x 3 mm IC operational amplifier, with 

two 100 nF 0402 decoupling capacitors on the power supply rails and two 0402 

passive components for the RC filter and gain setting on the amplifier.  
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2.5. Potentiostatic potential control 

The second aspect to the potentiostat is to maintain a constant potential between 

the carbon paste electrode and the reference electrode. Typically, bench 

potentiostats are versatile instruments which can be programmatically adjusted 

for a range of different potentials and output currents depending on the 

electrochemical technique used. Fortunately the potentiostat used in our circuit 

has a dedicated purpose (to impose a constant potential on a carbon paste 

electrode and measure the resulting current) and the potentiostat can be designed 

for this purpose solely. The following actions can be performed to reduce the 

complexity and the overall size of the circuit: 

• Fixed potential. The potential will be controlled to ensure constant 

potential amperometry as described in Chapter 1. Potentiostats with 

adjustable potentials require a DAC and output buffering, while a fixed 

potential can be set simply by a voltage reference on the telemeter and a 

voltage divider. 

• Limited current output. The carbon paste electrode has a limited 

surface area which limits the overall current required to be driven by the 

auxiliary electrode. An amplifier of only a modest power is required to 

drive the electrochemical cell. 

• Package size. Two operational amplifiers are required for the circuit. If 

they can be chosen of the same type then a dual channel package can be 

utilized. This approach reduces the overall area of the circuit by combining 

two amplifiers into the same package and removing the requirement for an 

additional two decoupling capacitors. 

The two operational amplifiers (used for the feedback control of the constant 

potential) require several important characteristics: 

• High impedance input. The voltage follower in the potentiostat requires 

a very high impedance input for the reference electrode. The current 

flowing through the reference electrode should be minimised to prevent 

oxidation which would cause the applied potential to drift over time.  
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• Output current drive. The amplifier driving the auxiliary electrode 

must be able to supply 1.7 µA, which is the maximum output current 

which occurs during the maximum oxygen concentration. 

• Low power. The power consumption of the amplifiers must be minimised, 

as described in the design constraints. A supply current of <100 µA per 

amplifier is suitable without increasing the burden on the battery. 

• Size. As described above, an operational amplifier which is available in a 

dual channel package will decrease the area of the circuit. A small scale 

package with a maximum footprint area of 5 mm x 5 mm would be 

suitable for integration on the telemeter. 

• Bandwidth. The constant potential amperometry technique used to 

control the carbon paste electrodes does not require a high feedback 

bandwidth. The diffusion limited nature of the carbon paste electrode 

results in changes at a very low rate (<25 Hz), therefore a bandwidth of 

100 Hz would be sufficient to successfully maintain a constant potential on 

the carbon paste electrode. 

These required characteristics are similar to the requirements for the 

transimpedance amplifier. Therefore the LMP2232 (National Semiconductor) can 

be used which is the dual channel version of the LMP2231. This amplifier is ideal 

for the potential control circuit as the input bias current of 1 pA is sufficiently 

small to prevent oxidation of the reference electrode, the output current drive is 

8 mA which is more than sufficient to drive the auxiliary electrode, the quiescent 

current consumption of the IC is 26 µA, the specified gain bandwidth product of 

128 kHz and is available in a 8-pin MSOP package with a total footprint area of 

3 mm x 5 mm. 

The potential difference between the carbon paste electrode and the reference 

electrode is set by the DC operating point of the potentiostat, which is set by the 

voltage divider, as shown in Figure 33: 
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4��	 =	−�/ + ��
��

4��
� 
Where: 

Vref = Potential of the reference electrode (0.65 V) 

Vbias = Bias voltage of the amplifier (1.2 V) 

R1,R2 = Divider network resistor values 

(2-4) 

 

 

The values for R1 and R2 were calculated to be R1 = 12 k, R2 = 22 k, resulting in 

the potential of the reference electrode to be maintained at 1.854 V, and a 

potential difference between the working electrode and the reference electrode of -

0.655 V. Resistors with a 10% tolerance cause a variation of the applied potential 

of -0.536 mV to -0.8 mV, which is within the bounds of the design requirements 

but is close to the lower bound necessary to keep the carbon paste electrode in 

the diffusion limited region. The more conservative approach was taken by the 

use of 1% tolerance resistors, resulting in a variation of only ±15 mV. The 

telemeter needs to operate at physiological temperatures and rooms temperatures 

which could differ by at most 20 oC. Using resistors with a 250 ppm/oC 

temperature coefficient will result in a negligible change in applied potential from 

temperature drift of the resistors. 

The internal noise components from the potential control circuit are negligible as 

precise measurements of the potential are not required. The applied potential is 

monitored after the voltage follower to ensure a low impedance drive for the next 

stage for driving the ADC. The applied potential monitor is simply a measure of 

whether the circuit is at the DC operating point of -650 mV, and as this 

operating point can potentially rest anywhere between -500 mV and -1 V, the 

stability of this value is more important than the magnitude. For example, if the 

applied potential monitor was floating and not reading a constant value, this 

would suggest that the auxiliary cannot drive the potential correctly and that the 

auxiliary electrode has broken or electrical contact with the tissue is insufficient. 

The applied potential signal is expressed by the following: 
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47JJ_.95 = 47JJ − 4;<= 

Where: 

VAPP = The applied potential on the carbon paste electrode 

VREF = 1.2 V 

(2-5) 

 

The stability of the operational amplifiers is a concern due to the capacitive 

nature of the carbon paste electrode. In general, operational amplifiers will start 

to oscillate when driving large capacitive loads, an effect that can be exhibited by 

ringing after a step response. Some ringing in electrochemical potentiostatic 

circuits is acceptable (Figure 36) as described in [63]. 

 

Figure 36: Examples of different dampening conditions of a potentiostat with a dummy load of 
1 µF between the working electrode and the reference electrode (Adapted from [63]). 

Operational amplifiers with a specified infinite capacitive load drive capability 

typically have very poor performance in other specifications and were not 

considered in the amplifier selection process. More commonly, compensation 

methods are performed which reduce the oscillation of the feedback circuit at the 

expense of bandwidth. An example of the effect of capacitive loads and typical 

compensation schemes on the system gain is shown in Figure 37. Without 

compensation the gain will peak at a resonant frequency, whereas with 

compensation the peak is flattened by the decrease in bandwidth. 
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Figure 37: The effect of driving capacitive loads with high frequency operational amplifiers. 
Adapted from [115]. 

Typical compensation methods for driving capacitive loads with operational 

amplifiers to reduce the effect of oscillations include: 

1. Isolation resistor. A resistor placed between the output of the amplifier 

and the capacitive load (Figure 38), will load down the LC resonant circuit 

as described in [116], which will reduce frequency response peaking. This 

technique has the disadvantage of reducing gain accuracy, and adding 

distortion when driving nonlinear loads. 

 

Figure 38: An example of isolation resistor compensation on a non-inverting amplifier for driving 
capacitive loads with operational amplifiers. Adapted from [116]. 

2. Snubber. A snubber can be placed on the output of the amplifier which 

can be tuned to attenuate the peaking frequencies of the oscillations. This 

is useful for a well-defined output where the ringing frequency is known.  
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Figure 39: An example of snubber compensation on a non-inverting amplifier for driving 
capacitive loads with operational amplifiers. Adapted from [115]. 

3. Feedback capacitor. A capacitor can be added to the feedback of the 

amplifier. This will result in the high frequency oscillations to be 

attenuated but has the disadvantage of decreasing the overall bandwidth. 

 

Figure 40: An example of feedback capacitor compensation on a non-inverting amplifier for 
driving capacitive loads with operational amplifiers. Adapted from [117]. 

For the potential control circuit, the feedback capacitor compensation is the 

simplest solution to prevent high frequency ringing. In this case, the isolation 

resistance is provided by the intrinsic resistance of the electrochemical cell. Bard 

and Faulkner [99] suggest that the capacitance is in the order of 10 µF/cm2. For 

the carbon paste electrode with a working diameter of 200 µm, this results in a 

capacitance of ~3 nF. The following LTSpice simulation was developed to model 

the potential control circuit and the equivalent electrochemical cell. A 50 pF 
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capacitor was selected as the feedback capacitor to achieve acceptable dampening 

of the ringing in the resulting waveform without over-dampening the system. 

 

Figure 41: LTSpice model for evaluating the stability of the potential control circuit.  

The LTSpice transient simulation during a step response with a typical loading 

condition is shown in Figure 42. The DC operating point is set so that the initial 

applied potential is 0 V. A pulse generator is set to step the reference electrode 

potential to 0.5 V above the working electrode potential. The effect of 

compensation is shown with the uncompensated response exhibiting sustained 

ringing, while the compensated response is dampened within 1.5 ms of the step 

change. The step response shown in Figure 43 evaluates the ringing of the 

potential control circuit at different possible capacitive load values. The resulting 

waveform in the extreme case when CL=10 nF is acceptable as ringing is 

attenuated within 2 ms of the step response. 
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Figure 42: Comparison between compensated and uncompensated capacitive load. 

 

Figure 43: Comparison between different loading conditions for compensated loads. 
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2.6. Firmware  

The basic requirements for the firmware are to digitise two analog inputs, form 

packets of data to transmit, deal with communication failures, and monitor the 

state of the power transfer system and performance. These requirements match 

those of existing telemeters and the firmware used in the TR50BB telemeters 

(measuring dual biopotentials) was able to be used without modification. This 

firmware samples dual channels (corresponding to the oxygen concentration signal 

and the applied potential signal) at a rate of 2 kHz. The measured data are 

transmitted wirelessly in the 2.4 GHz frequency band at a bitrate of 250 kbps. 

The signals are then reconstructed on the receiver for analog output. The 

disadvantage of using this inherited firmware is that due to over sampling, the 

power consumption will be higher than if the telemeter was sampling at twice the 

Nyquist frequency of the analog signals. The default state of the telemeter 

firmware will meet the power requirements in the design constraints as this has 

been previously validated in-vivo for other physiological signals. A potential 

benefit of using this existing firmware is that it has been previously rigorously 

tested to ensure continuous and chronic measurement of the physiological signal 

and can be used for rapid prototyping. 
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2.7. Lead and encapsulation design 

For the telemeter to operate potentially for the lifetime of the animal, the implant 

must be encapsulated in a biocompatible package. Encapsulation ensures that the 

internal environment of the animal body does not affect the operation of the 

telemeter and measurement of the in-vivo oxygen concentration, and that the 

implanted object does not impact on the animal’s well-being.  

A requirement in the design constraints is the ability to implant the electrodes in 

any tissue of interest in the animal. Ideally, the telemeter body is implanted in 

the abdomen of the animal as this region is closer to the primary IPT coil and 

therefore provides better charging to the internal battery of the telemeter. In 

order to allow the electrodes to be implanted in tissue which is far away from the 

abdomen, leads are used to tunnel the working, reference and auxiliary electrodes 

to the location of interest. One typical example of measurement of oxygen in 

brain tissue is shown in Figure 44. The telemeter is shown in the figure implanted 

in the abdomen, with leads tunnelled up to the brain where the electrodes are 

connected and implanted into the brain tissue. Properties of the leads include 

flexibility to provide unobstructed movement of the animal, adequate sealing of 

the leads and connectors and mechanical strength to prevent breakage of the 

internal wires. 
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Figure 44: (A) Telemeter system implanted for the measurement of oxygen in brain tissue. (B) 
Close up of oxygen electrode. 

An important factor which must be considered when encapsulating the telemeter 

and the construction of the leads is the permeability of oxygen and water across 

the encapsulant, which could potentially be reduced on the surface of the wires 

and PCB traces. The effect of oxygen traversing the encapsulating membrane is 

the creation of an additional current path flowing between the auxiliary and 

working electrode leads. Other important properties of the encapsulation and lead 

design include: 

• The ability to be sterilized using common sterilization techniques 

• IPT compatibility 

• No significant increase in the size or weight of the telemeter 

• Sufficiently flexible to provide unobstructed movement to the animal.  

A range of materials were considered for encapsulating the telemeter implant, 

each with their various advantages and disadvantages. These include: 

Silicones.  

Advantages: Silicones have the benefit of excellent flexibility which is ideal 

for providing unconstrained movement in the animal. Medical grade 

silicones (such as those in the NuSil range) offer excellent biocompatibility, 

making them suitable for long term implantation. Different viscosities are 
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available making this material ideal for a range of different tasks, including 

moulding into cases, bridging large gaps and as an adhesive for sealing. 

The non-metallic nature of silicone makes it ideal for use in magnetic fields 

and therefore provides excellent compatibility with IPT. Silicones are 

generally compatible with low temperature sterilization techniques such as 

Ethylene Oxide or Gultaldehyde treatments [118]. Silicones can be 

purchased as a two pot mix and are easy to prepare and used in a 

prototype setting. 

Disadvantages: Silicone does have the disadvantage of being relatively 

more permeable to water than other encapsulants as shown in [119]. Over 

very long timescales dependent upon the thickness of the silicone, water 

can seep over the silicone causing short-circuits or corrosion on the circuit 

board. Silicones also can be difficult to bond to other materials; in general, 

silicone easily bonds only to itself [120]. 

Thermoplastics / Thermosets. 

Advantages: These plastic materials are available for use in medical 

implants with a wide range of properties such as flexibility, low 

permeability to water and biocompatibility. Noteworthy materials include 

Polyurethane (PU) and Polyamides (Nylons), which display better 

biocompatibility than other plastics and relatively good flexibility and low 

permeability for water. These materials are therefore ideal for use in 

implantable devices such as artificial heart pumps [118]. Polycarbonate 

(PC) is a rigid plastic that is easy to mold and is compatible with higher 

temperature sterilization processes as described in [118, 121]. PTFE 

(Teflon) possesses excellent biocompatibility and very low permeability for 

water making it useful in applications where oxygen- and water-

permeability is critical [118, 119]. Epoxies are very commonly used in 

implantable devices but are typically used for filling and bridging gaps 

such as potting cases. Parylene offers good flexibility, excellent 

biocompatibility and low water permeability. As parylene is applied using 
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chemical vapor deposition, it is ideal for creating very thin barriers with 

low permeability such as in [122]. 

Disadvantages: Overall, plastics are not as flexible as silicones. Davis 

overviews a range of different plastics in [118] and their suitability for use 

in medical applications. Many plastics such as Polyvinylchloride (PVC) 

have limited use in chronically implanted devices, due to plastic 

degradation and related toxicity. PVC has been observed to yellow and 

become brittle after long term implantation. PTFE shows excellent 

biocompatibility, but as described in [123, 124] is difficult to bond to 

without the use of toxic primers.   

Metals 

Advantages: Noteworthy metallic materials include stainless steel and 

titanium. Both are used commonly in the medical device industry. 

Titanium offers excellent biocompatibility, while stainless steel offers 

tensile strength ideal for orthopaedic implants [118]. Metals provide the 

benefit of an advantageous electromagnetic shielding effect which makes 

them ideal for implantable electronics, such as implantable pacemakers and 

defibrillators [125]. 

Disadvantages: IPT will cause heating of the implant from eddy currents 

induced within the metal case. Furthermore, the implanted metal can 

cause distortion of the magnetic field, which is undesirable when alignment 

of the field with the pickup coil is needed.  

Polycarbonate was chosen to encapsulate the telemeter, principally because of its 

lower permeability to oxygen. A polycarbonate case designed for the existing 

telemetry system is available and therefore is also suitable for rapid prototyping. 

The polycarbonate provides a rigid case which encloses the circuitry and is potted 

with a biocompatible epoxy  
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Figure 45: Telemeter PCB in polycarbonate case, filled with epoxy. 

The leads were initially chosen to be made from PVC tubing as this tubing was 

available on hand for rapid prototyping. A suitable source of polyurethane tubing 

was found as a replacement. The BB520-40 (Scientific Commodities Inc) 

polyurethane tube was of suitable dimensions (OD: 0.04”, ID: 0.025”), had greater 

flexibility than PVC, was specified to be medical grade and be compatible with 

common low temperature sterilization techniques. The polyurethane tubing was 

used in replacement of the PVC tubing and was observed to be less prone to 

yellowing than PVC. The wire used in the tubing was selected to be stainless 

steel coiled wire (Stellar Technologies). The benefit of this wire is that the coiled 

nature provides strain relief and therefore is less prone to breakage. These wires 

are commonly used for in-vivo biopotential measurements with telemetry such as 

in [11].  

It is critical that the joint between the encapsulant of the telemeter and the leads, 

and the joint between the electrodes and the leads are sealed sufficiently to 

prevent leakage of liquid and oxygen. The wired connection must be sufficiently 

conductive to prevent a voltage drop over the joint and be sufficiently physically 

strong and flexible to prevent wire breakage. The mechanical connection between 

the polyurethane tube of the leads and the PTFE tubing on the electrodes must 

also be sufficient to prevent leakage and withstand mechanical stress. 

Several commercially available connectors to join the leads with the electrodes 

were considered. The C313C PE/PVC connector assembly (Plastics One) has a 

2.59 mm outer diameter and is suitable for a single 0.58 mm diameter wire. The 
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disadvantage of this connector assembly is the PE and PVC tubing dual layer 

tubing would not provide the flexibility required for implantation. D-series 

miniature circular connectors (MicroCom) were considered, such as the DP-4S-1 

and DR-4S-4 which have an outer diameter of 7.1 mm and can fit four internal 

wires. The overall length of the connector was 28.8 mm with a shell made of a 

choice of metals such as stainless steel or titanium. The MicroCom connectors are 

a high-cost item making them unsuitable for the one-use nature of the attached 

electrodes. The length of this connector and the materials of its construction also 

made it unsuitable for implantation.  

To join the electrodes to the leads a “hand-made” connection was selected. The 

benefit of this method is that the sealants used can be specifically chosen for 

these design requirements and therefore, the resulting connector size can also be 

minimised from unnecessary bulk. The disadvantage of this method is that the 

electrodes cannot be disconnected and reconnected rapidly. The connection is 

“one-off” and requires significant time to allow for the sealants to set before 

implantation. To attach a new electrode, the connector can be cut off and new 

electrode attached. 

Two methods for connecting the stainless steel coiled wire with the silver were 

considered: Soldering and conductive epoxy. Soldering meets both design 

requirements to provide a highly conductive interface between the wires and a 

strong mechanical bond. The disadvantage of soldering is that stainless steel is 

prohibitively difficult to solder to without the use of harsh abrasives. 

Furthermore, the heat conducted down the carbon paste electrode while soldering 

has the potential to damage the interface between the silver wire and the carbon 

paste. Conductive epoxy is typically a two part epoxy containing silver to provide 

electrical conductivity. The benefit of using conductive epoxy is that it is a room-

temperature method that will not damage the carbon paste electrode and it will 

adhere to stainless steel and silver wire with ease. While the disadvantage of 

using conductive epoxy is that the electrical conductivity is typically lower than a 

solder joint, this can be overcome by adhering the wires to have direct contact 

with each other. The conductive epoxy selected was 8331-14G (MG Chemicals) 

due to short cure time (4-5 hours) at room temperature.  
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Figure 46: Sealed connection between the telemeter lead and electrode. 

Once completed, the wired connection is then sealed with glue. The requirements 

of the sealing glue is that it must bond to polyurethane and PTFE to provide a 

sufficient good seal and withstand mechanical stress. A non-viscous epoxy would 

be suitable for adhering to polyurethane, as this could be injected into the tubing 

to prevent the tubing sliding off and to provide an adequate seal. Unfortunately, 

epoxy doesn’t adhere to PTFE. Troughton [126] has overviewed several 

techniques for adhering to PTFE. Loctite Prism 401 used in conjunction with a 

primer such as Loctite Prism Primer 770 achieved the highest bond strengths. 

Troughton stated that FluroEtch (Acton) and Tetra-Etch (Gore) cause physical 

changes in the PTFE surface resulting in large statistically significant increases in 

bond strength. Neither UV-Ozone treatment nor plasma treatment caused 

increased bond strengths. A connecting scheme utilizing the FluroEtch (Acton) 

primer and an epoxy to seal the join is described in Appendix A. The final size of 

the connector is ~10 mm x ~3 mm depending on the thickness of the epoxy layer. 

The resulting connector provides the required electrical conductivity, sealing to 

prevent background currents, mechanical strength and a size suitable in 

implantation. 
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Figure 47: A finished telemeter for the measurement of oxygen concentration from a freely 
moving rat. 

  



Chapter 2 

78 

2.8. Validation 

Verification is required to check that the physical realisation performs as it was 

intended, beginning with a series of bench tests and performance measurements. 

Ultimately, it is the validation of the measurement of oxygen in animals (section 

2.8.5) which is required. Before animal testing can be performed, the operation of 

the circuitry is validated in-vitro using conditions which mimic the in-vivo 

environment.  

2.8.1. Circuit electrical testing 

The telemeter circuit was initially tested for correct operation prior to 

encapsulation. During circuit testing, the electrodes were replaced with an 

equivalent electrical circuit (Figure 48). For initial circuit testing, the double 

layer capacitance was set to zero.  

 

Figure 48: Dummy cell for potentiostat circuit testing. 

The voltage rails (Digital, Analog and 1.2 V Reference) on the telemeter were 

tested by probing the circuit with a multimeter (Fluke 115). The current 

consumption of the telemeter was measured by placing the multimeter in series 

with the battery. To ensure the current consumption figure was not offset by 

battery charging currents, the telemeter was taken out of the charging field. 

During a measurement with a dummy load RCPE≈∞, the mean current 

measurement was 10.53 mA. This current consumption value is for the entire 

telemeter and is of a magnitude which satisfies the requirements for the power 

consumption constraint. 
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To demonstrate measurement across the range of 0 nA to 1250 nA, three 

conditions were tested and are demonstrated in Figure 49. Initially a no load 

condition (RCPE≈∞, Iox≈0nA), which produced an O2 analog output voltage of 

4.096 V. The load was then switched to a mid-scale load (RCPE=1 MΩ, 

Iox=650nA) which produces an O2 analog output voltage of 1.98 V, and a 

saturating load (RCPE=450 kΩ, Iox=1444 nA) which saturates the rail on the 

transimpedance amplifier causing an O2 analog output voltage of 0.3 V. During 

the three measurements, the analog output for the applied potential remained 

constant at 3.143 V. Conversion of these analog output voltages to the current 

and applied potential measurements is covered in the next section. 

 

Figure 49: The output from the receiver when switching between three different loading 
conditions with the dummy cell connected to the potentiostat. 

2.8.2. Circuit Calibration 

The relationship between the current through the working electrode and the 

analog output from the receiver was validated. This was performed using the 

dummy cell described in section 2.8.1. For the validation, resistors were chosen 

with a ±1 % accuracy and at most a temperature coefficient of 100 ppm/oC with 

values to produce a current across the physiological range of 0 – 480 nA (30 MΩ, 

10 MΩ, 5 MΩ, 2 MΩ). Several resistors are used across the physiological range, so 

the variation in the resistor value will be averaged out. The change in resistance 

with these temperature coefficients makes the changes in room air temperature 

negligible for the measurement calibration. 
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To calculate the current through the resistor the voltage drop across it is 

required. This measurement could be performed with a multimeter, but typical 

multimeters have an input impedance of 2 MΩ to 10 MΩ which would cause 

additional loading of the cell. The voltage drop can be measured by the applied 

potential signal. This is calibrated by using a no-load condition (RCPE≈∞) and by 

placing a multimeter between the reference electrode and the working electrode. 

The measurement of the applied potential from the multimeter can then be 

calculated. For example: 

Vapp (Analog output): 2.316 V, Vapp (Multimeter): -0.656 V 

To calibrate the O2 analog output signal, the two output signals (O2 and applied 

potential) are recorded. The voltage drop across the resistor is calculated from 

the applied potential, which is then used with the specified value of the resistor to 

obtain the current flowing through the resistor (Table 2). The O2 analog output 

can be plotted against the calculated Iox. An example is shown in Figure 50. 

R (Ω) 

O2 – 
Analog Output 
(V) 

Vapp –  
Analog Output 
(V) 

Vapp –  
Calculated (V) 

Iox  

Calculated (nA) 

3.00E+07 3.995 2.337 -0.651 -21.7 

1.00E+07 3.864 2.337 -0.651 -65.1 

4.99E+06 3.641 2.336 -0.651 -130.4 

2.00E+06 2.991 2.336 -0.651 -325.3 
Table 2: A typical analog output of the current measurement with varying calibration resistors. 

 

 

Figure 50: A typical calibration curve relating the analog output to the current. 
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In this example, the linear regression fit between the calibration points generated 

a slope of 300.80 nA/V and an intercept: -1225.34 nA. The standard error was 

0.82 nA. The noise of the signal was measured with the dummy cell at 

RCPE=10 MΩ. The rms noise (input referred) was <0.30 nA, which confirms that 

the measurement is limited by the resolution of the analog to digital converter on 

the telemeter. The minimum detectable current change (0.82 nA) as quantified by 

the standard error of the calibration curve is sufficient to meet the design 

constraints for the minimum detectable current of 10 nA.  

2.8.3. Potentiostat stability 

Simulations to evaluate the ability of the potentiostat to drive a capacitive load 

are performed in section 2.5. These simulations were validated by performing 

corresponding measurements on the circuit. The telemeter was setup with a 

typical dummy load of 10 MΩ (resulting in a sensor current of 65 nA). A signal 

generator (Agilent 33220A) was connected to the reference electrode, as shown in 

Figure 51, to generate a step change in the applied potential. A step change of -

0.500 mV was generated, thereby causing the applied potential to step from 

0.650 mV to 0.150 mV. The applied potential was measured and captured with 

an oscilloscope (Tektronix TDS 2004B) which was triggered on the step change of 

the potential.  

 

Figure 51: Dummy cell to evaluate the stability of the potentiostat circuit. 

For a 10 nF capacitance, the step change is shown in Figure 52. Minimal ringing 

was evident and the applied potential stabilized within 1.5 ms of the step change. 

This result is consistent with the predictions from the simulations in section 2.5.  
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Figure 52: A step change in the reference potential to validate the stability of the potentiostat 
circuit (CCPE=10 nF, RCPE=10 M, RAUX=1k). The blue trace is the step change generated by the 

signal generator. The orange trace is the potential across RCPE. 

The stability of the potentiostat was evaluated at higher capacitance (1 uF) than 

what would be expected for the carbon paste electrode, to evaluate the worst case 

loading conditions. The resulting step change in the applied potential is shown in 

Figure 53. The bandwidth of the potentiostat was severely limited, resulting in a 

settling time of 250 ms but high frequency oscillations are non-existent.  

 

Figure 53: A step change in the reference potential to validate the stability of the potentiostat 
circuit (CCPE=1 µF, RCPE=10 M, RAUX=1k). The blue trace is the step change generated by the 

signal generator. The orange trace is the potential across RCPE. 

This result validates the stability of the potentiostat during capacitive loading. 

At the expected capacitance values, the potentiostat successfully controlled the 

applied potential at a bandwidth suitable for driving the carbon paste electrodes, 

while producing minimal ringing. 
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2.8.4. Leakage current validation  

The ability to create a seal between the leads and the electrodes is critical in 

ensuring that the current flows only through the carbon paste in the electrode 

and not through secondary paths. To compare different methods of sealing the 

joint between the wires a mechanical jig was created. The purpose of the jig was 

to apply a repetitive strain upon the electrode and count the repetitions before 

the seal breaks. By repetitively straining the lead, voids in the adhesion surface 

can propagate quickly causing a sudden leak which can be measured easily. While 

the purpose of this jig was not to exactly replicate the strains that the electrode 

would be subjected to in-vivo, it does give a means for evaluating different 

methods of connecting the electrodes. 

In order to make comparisons between electrode construction methods, it is 

important to be able to apply a repeatable strain pattern to each electrode in 

turn, while keeping all other design parameters constant. A simple repeated 

tensile test was exerted on the electrode as shown in Figure 55. The electrode was 

extended until a desired tensile force was reached. This was then repeated until 

the seal breaks. 

The jig is made from NXT Mindstorms (Lego) parts, as the platform allows for 

rapid prototyping and has LabVIEW (National Instruments) drivers for 

integration with other sensors. A single servo-motor attached to the NXT control 

unit can be driven to extend the electrode length. A force sensor (Honeywell, 

FSS1500NST), with a max force measurement of 15 N and a sensitivity of 

0.012 V/N was used to measure the force exerted on the electrode. A NIDAQ 

6025E (National Instruments) data acquisition card was used to acquire the 

analog signal from the force sensor. A LabVIEW program then controlled the 

extension of the electrode by stepping the servo until the desired force is reached 

as measured by the force sensor. Some variation of the maximum is acceptable; 

therefore a simple bang-bang control algorithm was implemented.  
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Figure 54: Schematic of jig for comparing different sealing techniques. 

In order to detect the point at which the seal breaks, a specialised potentiostat 

was designed. A two electrode system was used, with a large silver wire reference 

electrode submerged in a saline solution and the sealed lead acting as the working 

electrode (Figure 55). The current flow between the electrodes was measured. 

When the seal breaks, it is expected that the current flow will rapidly increase 

due to the oxidation of the wires resulting in a relatively large current. As the 

current flowing is not limited by a carbon paste membrane a step change of at 

least 1 µA is expected.  

 

Figure 55: The jig for testing lead leakage. A cyclic force is applied to the electrode under test 
and the leakage current is detected by a two-electrode electrochemical method. 
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A follower-type potentiostat was used, as this circuit was easy to control and easy 

to implement with one operational amplifier (Figure 56). The operational 

amplifier was powered by a bench power supply, and was setup in a follower 

configuration which was driven by an analog output signal from the data 

acquisition system. Accuracy of the current measurement is not necessary (as 

only a gross change in the signal is required) allowing a low-side shunt to be used 

for to measuring the resulting current. As there is no limiting membrane for the 

current, a large shunt resistance (1 MΩ) can also be used to prevent excessive 

current flowing. The analog ground can be set to the data acquisition ground pin 

allowing single-ended measurements of the voltage drop across the shunt resistor. 

The LabVIEW interface controls the potential between the electrodes, measures 

the resulting current to detect a seal break, measures the force exerted on the 

leads and controls the servos to repeat the loading and to ensure consistent 

loading across repetitions.  

 

Figure 56: Follower type potentiostat with a low-side shunt for current measurement. 

The voltage drop across the shunt and the force sensor analog output voltage are 

each sampled at 1 kHz. Each signal is averaged and downsampled at 10 Hz and 

the averages are written to a data file. The maximum force exerted on the leads 

during the cycle is calculated over the cycle length and is updated in the 

measurement file once per cycle. A force of 2 N was established as a suitable force 

with which to load the lead without overburdening the servo or jig. The time for 

one cycle with a loaded lead was on average 0.63 seconds, limiting the bandwidth 

of the current measurement to 4 Hz.  
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The interface to the PTFE surface coating the silver wire is the critical design 

parameter. Therefore, several methods to adhere to the PTFE were evaluated: 

1. Loctite Prism 401 with the Loctite Prism 770 primer: A leak was 

detected during the test after ~34,000 cycles (~6 hours) as shown in Figure 

57. The maximum force of the lead was successfully held at 2 N. The 

current steadily rose to 4 µA after 10,000 cycles after the point in which 

the seal was detected as leaking. Upon examining the connector under the 

microscope (Figure 58) black oxidation was evident on the beginning of the 

silver conductive epoxy. 

 

Figure 57: Leakage testing of the leads under cyclic loading. (TOP) Leakage current (BOTTOM) 
The maximum tensile force applied to the lead. 

 

Figure 58: A typical example of a leaked connector. 



 

87 

2. Araldite two part epoxy: The Araldite seal (applied without any pre-

priming the PTFE) leaked during the first cycle of the test jig. The 2 N 

force on the lead was sufficient to break the seal without any additional 

repetitions.  

3. FluroEtch primer with Araldite two part epoxy: The connector 

with the PTFE treated with FluroEtch and sealed with Araldite epoxy did 

not leak, even after 1,000,000 cycles. The experiment needed to be stopped 

after 1,000,000 cycles as wear on the servo caused the gearbox to fail which 

required the servo to be replaced. There was no oxidation evident on the 

wires, nor on the silver conductive epoxy when examined under the 

microscope. 

While, this testing procedure does not confirm the performance of the connector 

for long term use in-vivo, it does provide a convenient measure for comparing 

different sealing techniques before implantation. The conclusion of this test is 

that from the three connecting methods tested, the FluroEtch primer when 

applied to PTFE increases the ability of the epoxy to adhere creating a seal, an 

approach which significantly outlasted the other sealing techniques. 

2.8.5. Validation of in-vivo O2 measurement 

The telemetry system with an attached carbon paste electrode was validated for 

the in-vivo measurement of oxygen concentration by comparing it to a “gold 

standard” oxygen reference measurement. Clark-type electrodes are considered the 

gold standard for acute measurement of tissue oxygenation and have been 

previously used as a source of comparison such as by Leong in the assessment of a 

Fluorescence optode [127]. The comparisons of oxygen measurements between the 

telemetry system with attached carbon paste electrodes and a needle-type Clark 

electrode (Unisense) could identify sources of bias. Kidney tissue was chosen for 

validation of the oxygen concentration measurements, due to the easy ability to 

access the kidney in an acute experimental setting and the previous experience 

that the Malpas research group (University of Auckland) and the Evans research 

group (Monash University) have with kidney experiments.  
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Calibration  

Initially, the two systems were calibrated against each other using the method 

described by Bolger in [35, 112]. The Clark electrode (OX-50, Unisense) was 

connected to a picoammeter (PA-2000, Unisense). The Clark electrode and the 

electrodes from the telemeter were inserted into a chamber containing 500 mL of 

saline. The chamber was placed into a water bath and the temperature of the 

saline (0.9 % NaCl) was maintained at 37 oC. The experimental test jig is setup 

as shown in Figure 59. Pure nitrogen and air (BOC gases) were bubbled through 

the saline. These two points correspond to 0 µM and 240 µM respectively, as 

described previously by [102]. The output of the picoammeter and the output of 

the receiver were calibrated in [mmHg], as the partial pressure of oxygen is the 

commonly used unit of oxygenation in existing kidney literature and therefore will 

be straightforward to compare with existing work such as [127]. Using Henry’s 

law, 240 µM corresponds to 172 mmHg. 

 

Figure 59: Jig used to calibrate the telemetry with carbon paste electrodes and the Clark 
electrode. 

The Clark electrode has a tip size of 10 µm. Silver wires with 5 mm of silver 

exposed were connected to the reference lead and the auxiliary lead. The carbon 

paste electrodes were attached to the working electrode leads, calibrated and then 

implanted in to the kidney. This process was repeated for each carbon paste 

electrode used to ensure any damage to the electrode was not transferred to the 

next experiment. The telemetry receiver analog outputs and the picoammeter 

analog outputs were connected to a National Instruments data acquisition system 
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with a LabVIEW interface. The signals were sampled at 500 Hz and 2 s averages 

were taken. Signals were converted to [mmHg] using the coefficients from in-vitro 

calibration. 

An example of the calibration process is shown in Figure 60. The Clark electrode 

is not shown, as due to the fragile nature of its tip, it must be removed from the 

solution while bubbling. Initially, air was bubbled through the saline solution for 

5 minutes. During this time, the bubbling action disturbs the diffusion layer of 

the carbon paste electrode due to convection of oxygen to the electrode. This 

results in a current measurement which is not simply a function of oxygen 

concentration but is also dependent upon the flow of liquid past the electrode 

surface. To take the measurement at the air point, bubbling is stopped and the 

measurement is allowed to stabilize. After 10 minutes, 100 % nitrogen was 

bubbled into the solution for 10 minutes, after which the bubbling was stopped 

and the measurement was allowed to stabilize. 

 

Figure 60: Typical calibration graph of the telemetry system with the attached carbon paste 
electrode. The shaded regions represent the periods of gas bubbling into the saline solution. 

The RMS noise of the oxygen concentration measured from the telemetry system 

with attached carbon paste electrode and for the Clark electrode was 0.23 mmHg 

(0.3µM) and 0.15 mmHg (0.2 µM) respectively. The RMS noise measurement 

from the telemetry system whilst the carbon paste electrode was submerged in 

saline was in the same order as the resolution of the ADC on the telemeter. This 

suggests the detection limit of the oxygen measurement from the telemeter is 
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limited by the resolution of the ADC, and successfully accomplishes the required 

resolution of oxygen concentration specified in the design constraints. 

Experimental procedure 

The measurements were repeated in 7 rats. Each rat was anesthetized with 

Inactin anaesthesia and ventilated to allow easy control of the inspired oxygen 

concentration. The left kidney was exposed through a midline incision and was 

held in place with a kidney cup as shown in Figure 61. The kidney capsule was 

pierced at the location of electrode entry and care was taken to prevent damage 

to the electrodes and to the kidney tissue. The carbon paste electrode and Clark 

electrode were positioned with micromanipulators at either end of the kidney. 

The reference and auxiliary electrodes for the carbon paste electrode were inserted 

in the kidney within 5 mm of the carbon paste electrode. A pulse oximeter was 

used in some animals to monitor arterial O2 saturation. 

 

Figure 61: Exposed rat kidney for comparing the methods of measurement. 

Measurements were taken over 3 depths (2 mm, 4 mm, 6 mm) referenced from 

the surface of the kidney capsule. At each depth, the inspired gas concentration 

was randomized over 4 gases (100 % O2, 40 % O2, 10 % O2 and 18 % O2). A room 

air control period was given before and after the experimental protocol and 

between gases. Each gas and control was allowed to settle (at least 5 minutes).  
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Results and analysis 

The average over each gas period was taken during the last 1 min of stable 

measurement. Analysis was performed in IBM SPSS Statistics 19 and data is 

expressed as mean ± SEM. The regression method used to compare the methods 

of measurement was the original-least-products method, using a loss-function and 

bootstrapping for confidence intervals (95 %). This method for comparing 

methods of measurement is described by Ludbrook [128-130] and has the benefit 

of distinguishing between fixed and proportional bias. Regression coefficients are 

described in the form:  

��,LJ< = M + N × ��,LJ<. (2-6) 
 

 

The mean tissue oxygenation during each inspired gas concentration is shown in 

Figure 62. One data point was excluded due to technical problems with the Clark 

electrode. In one animal, the experiment was varied to include a 5 mm depth and 

an inspired gas concentration of 19 %. A typical example of the measured kidney 

tissue oxygenation during different inspired gas concentrations is shown in Figure 

63. 

A. B. 

 

Figure 62: The mean change in tissue oxygenation in rat kidney between the two methods of 
measurement. A. Measured current (nA). B. Calculated oxygen concentration (mmHg) (Error 

bars are plotted as standard error). 
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Figure 63: Oxygen tension (PO2) measured by the Clark-type electrode and carbon-paste 
electrode (with telemetry); arterial saturation (%) measured with a pulse oximeter. Shows typical 

response to changes in oxygen concentration applied to animal’s respirator (100%, 40%, 10%).  

The following statistical analysis was performed: 

• The original products regression method was used to detect any significant 

(p<0.05) difference between the oxygen measurement from the carbon 

paste electrode and the measurement from the Clark electrode. This 

produced a line with a slope including unity (0.745 [0.546-1.062]) and an 

intercept including zero (1.871 [-0.955-5.782]) indicating that the values 

obtained from the two methods of measurement have no proportional or 

fixed bias (Figure 64). The Pearson’s coefficient of correlation was 0.609 

(p<0.001, N=77). 

 
Figure 64: Correlation of oxygen concentration measurement between the telemeter system with 

carbon paste electrodes and the Clark electrode. 
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• The data was split by depth and the data points at the 5 mm depth were 

excluded. Original least products regression was performed to detect any 

significant (p<0.05) difference between the oxygen measurement from the 

carbon paste electrode and the measurement from the Clark electrode at 

each depth. The parameters of the lines produced for each depth is shown 

in Table 3. No fixed or proportional bias was identified at the 4 mm and 

6 mm depths. A proportional bias was identified at the 2 mm depth, but 

no fixed bias. The 2 mm depth had a higher standard error than 4 mm and 

6 mm. At 2mm the Pearson Correlation was 0.495 (p=0.01, N=26), 4mm 

the Pearson Correlation was 0.790 (p<0.001, N=24), 6 mm the Pearson 

Correlation was 0.897 (p<0.001, N=23). 

Depth Parameter Estimate Std. Error 

95% Confidence Interval  
(Trimmed) 

Lower Bound Upper Bound 

2mm Bootstrapa,b,c,d,e a 4.496 3.767 -1.581 12.555 
b .621 .147 .401 .971 

4mm Bootstrapa,b,c,d,e a 3.129 1.756 -.448 6.626 
b .825 .142 .642 1.203 

6mm Bootstrapa,b,c,d,e a .564 1.550 -2.397 3.484 
b 1.320 .161 .992 1.635 

Table 3: Parameter Estimates of the least products regression across depth for correlation 
between the telemetry system with carbon paste electrodes and the Clark electrode. 

• To test if any significant (p<0.05) difference can be detected between the 

measurements at the 18 % and the room air inspired oxygen 

concentrations a paired-sampled T-test was performed. Normality was 

confirmed with the Shaprio-Wilk test. The data points at the 2 mm level 

were excluded from this sensitivity analysis. There was a significant change 

from room air to 18% for the carbon paste electrode (-5.19 [-3.56- -6.81]) 

and for the Clark electrode (-4.69 [-2.82- -6.56]). 

 

Paired Differences 

t df 
Sig. (2-
tailed) Mean 

Std. 
Deviation 

Std. 
Error 
Mean 

95% Confidence 
Interval of the 
Difference 

Lower Upper 

Pair 
1 

CPEValue21 - 
CPEValue18 

5.18644 2.42048 .72980 -3.56034 -6.81253 7.107 10 .000 

Pair 
2 

ClarkValue21 - 
ClarkValue18 

4.69149 2.77811 .83763 -2.82513 -6.55784 5.601 10 .000 

Table 4: The paired samples test to detect a difference in the oxygen measurement while the 
inspired O2 concentration is varied between air and 18%. 
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Discussion 

This experiment showed that the telemetry system with an attached carbon paste 

electrode showed no fixed or proportional bias from the gold standard Clark 

electrode in measuring kidney oxygenation. The measurements taken at the 2 mm 

depth had greater variability and a proportional bias between the methods. Due 

to the larger size of the carbon paste electrode (200 µm) compared to the Clark 

electrode (10 µm), the sampling area of the methods might differ between the 

methods of measurement. This is particularly evident at the 2 mm depth where 

blood vessels are more prevalent than at 4 mm and 6 mm. The difference due to 

the heterogeneity of kidney tissue was observed by Leong [127] as the optode had 

a diameter of (>200 µm) and the Clark electrode had a diameter of (≤10 µm) 

with similar results to what is observed with the carbon paste electrode. Lowry 

[35] has previously discussed that the larger dimensions of the carbon paste 

electrode compared to the dimensions of the capillary zone, will detect an average 

tissue oxygen level. It can be concluded that measurements in the 2 mm zone of 

kidney tissue are affected greatly by the size of the electrode tip.  

In the sensitivity analysis, the 2 mm depth was excluded as the effect due to the 

electrode size and tissue heterogeneity should be excluded. Both methods of 

measurement could successfully distinguish between the 18 % and 21 % inspired 

oxygen concentrations. For the carbon paste electrode, the corresponding oxygen 

concentration according to Henry’s law was 7.2 µM. The mean sensitivity of the 

carbon paste electrodes was -1.35 nA/µM as specified by Blue Box sensors, 

therefore the average change in the current measurement from 18% to 21% was 

9.72 nA.  

The changes of interest in this study occurred in the time-span, suggesting that 

the bandwidth of 25 Hz for the telemeter system is suitable to capture the slow 

oxygen dynamics of average kidney tissue oxygenation. The Clark electrode 

appeared to react faster than the carbon paste electrode, but the response times 

were comparable as both electrodes responded within 1 sec after a change in 

inspired O2 concentration. This difference can be attributed to the difference in 

size of the electrode and their relative diffusion distances, as the diffusion distance 
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on the Clark electrode is an order of magnitude smaller than the carbon paste 

electrode.  

Conclusion 

The telemetry system with attached carbon paste electrodes was successfully 

validated against the gold standard Clark electrode. The system successfully 

detected the change in the current from the carbon paste electrode during a small 

step change in the inspired gas concentration, thereby validating the design 

constraint for the minimum detection limit of 10nA. The potentiostat operated 

correctly, maintained the correct potential and the physiological signal of interest 

was successfully captured within the measurement range of the telemeter. The 

ability to chronically measure oxygen concentration was not validated in this 

experiment, as the analysis was performed in anesthetized rat. The ability of the 

telemeter to operate chronically in a freely moving rat will be presented in 

Chapter 3. 
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Chapter 3. Application: Chronic measurement of brain 

tissue oxygenation in a freely moving rat 

3.1. Introduction 

The telemetry system developed in Chapter 2 is a tool that can potentially 

measure tissue oxygen concentration in a range of different tissues. The purpose 

of this chapter is to describe one particular application: The measurement of 

oxygen concentration in brain tissue in a freely moving rat. The content of this 

chapter is the basis of a paper published in the Journal of Neuroscience Methods 

[131]. 

The measurement of brain tissue oxygen concentration is of considerable interest 

to researchers in a range of neuroscience areas. For example, experimental 

observations indicate that local oxygen concentration increases during neuronal 

activation [132]. Brain tissue oxygen represents the balance between the supply of 

oxygen from oxyhemoglobin in cerebral blood flow (CBF) and the utilization of 

oxygen in the mitochondria of brain cells. Extracellular oxygen concentration can 

also serve as an index of increases in CBF [102]. In addition, brain tissue oxygen 

concentration is dependent upon several physiological parameters including: PCO2 

in arterial blood and its pH, capillary density, oxygen carrying capacity, and the 

p50 of hemoglobin [133]. The localized measurement of oxygen concentration can 

provide information on specific neuronal activity/blood flow in target regions. 

Moreover, given that some forms of dementia, stroke and cardiovascular diseases 

are associated with alterations in brain blood flow [134, 135], the ability to 
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measure brain oxygen concentration chronically becomes paramount for a better 

understanding of the mechanisms underpinning these diseases in animal models. 

Currently there are several methods to measure brain tissue oxygen concentration 

in-vivo. These include non-invasive methods, such as functional imaging 

techniques: fMRI and PET [136] and the less restrictive near-infrared 

spectroscopy [137]. These imaging techniques offer a large field of view but all 

require some level of animal restraint/anesthesia. Invasive techniques involve the 

implantation of an electrode or optrode to measure local O2 concentration 

providing a much higher spatial resolution in a specific area of interest. 

Electrochemical techniques for the chronic detection of in-vivo oxygen typically 

use platinum electrodes [90] or carbon-based electrodes [138] in tethered animals. 

Lowry and colleagues [139] have shown experimentally that measurements of 

oxygen concentration in the striatum using carbon based electrodes and blood-

oxygen-level dependent (BOLD) fMRI are closely correlated (r=0.7898) and that 

PO2 measured by carbon paste electrodes can serve as an index of changes in the 

magnitude of the BOLD response. For these reasons carbon paste electrodes have 

been used extensively for the continuous chronic measurement of oxygen 

concentration in conscious tethered laboratory animals [112].  

While carbon paste electrodes have been used in conscious animals, such as in 

behavioural studies [63]; these studies all required connection to external 

potentiostats via a tether. Tethers do provide a limited amount of movement but 

do not allow for normal movements of the animal. Tethers also only provide 

monitoring while the tether is connected, therefore only providing intermittent 

monitoring making it difficult to measure long term trends, circadian variations 

and detecting rare occurring events. Tethers themselves may introduce a 

behavioural change due to the additional stress placed on the animal. In addition, 

the ability to continuously measure tissue oxygenation outside of the animal’s 

cage, such as in a water maze for behavioural studies, has previously been 

impossible due to the restrictiveness of tethered technology. It is becoming a 

common requirement in some countries to provide co-housing and enriched 

environments to research animals. Because of this it is becoming increasingly 
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difficult for tethered based systems to obtain continuous and chronic 

measurements. 

To date, the power requirements and the bulky nature of potentiostat circuitry 

has meant that a fully implantable oxygen sensing electrode that allows 

unrestricted animal mobility has been elusive. Chapter 2 presented a telemetry 

system with a miniaturized potentiostat which overcomes these challenges for the 

lifetime measurement of oxygen concentration from freely moving rats. In this 

chapter, an application of the telemetry system presented in Chapter 2 is 

presented and describes the chronic measurement of brain tissue oxygen in freely 

moving rats with implantable carbon paste electrodes.  
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3.2. Materials and Methods 

3.2.1. System overview 

 

Figure 65: Diagram of the fully implantable telemetry system for continuous measurement of O2 
in brain tissue of a freely moving rat.  

The telemeters were prepared as described in Chapter 2 and the electrodes were 

attached to the leads according to the procedure in Appendix A. The three 

electrodes attached to leads are tunnelled subcutaneously to the rodent’s skull as 

shown in Figure 65. The carbon paste electrodes were prepared and supplied by 

Blue Box Sensors Limited (Dublin, Ireland). The auxiliary and reference 

electrodes were made from PTFE coated silver wire (AG549511, Advent Research 

Materials, Suffolk, UK) with a bare wire diameter of 200 µm and a length of 

50 mm. The tips of the auxiliary and reference electrodes are prepared by 

exposing 1 mm and 10 mm of bare silver wire respectively.  

A PowerLab (AdInstruments, Dunedin, New Zealand) was used for data 

acquisition and the signals were sampled at a rate of 2 kHz. The output of the 

telemetry receiver was calibrated in [mmHg], as the partial pressure of oxygen 

(PO2) is the commonly used unit of tissue oxygenation in existing neuroscience 
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methods literature. A PO2 of 172 mmHg corresponds to a molar oxygen 

concentration of 240 µM according to Henry’s law. 

3.2.2. Experimental preparation 

All procedures were approved by the Animal Ethics Committee of The University 

of Auckland (AEC #R810). Wistar rats with a minimum weight of 200 g were 

anaesthetized using 2 % Isofluorane. A sterile field was maintained throughout all 

surgeries. The telemeters with attached carbon-paste electrodes were sterilized by 

soaking them in a 2 % gluteraldehyde solution and rinsing thoroughly with sterile 

saline. The telemeter was placed into the abdominal cavity and sutured to the 

abdominal muscle. The muscle layer was closed with silk sutures and the leads 

were subcutaneously tunnelled via a trocar to the base of the neck.  

 

Figure 66: The rat in the stereotaxic frame, electrodes tunnelled from the abdomen are ready for 
implantation into the brain. 

The rat was placed in a stereotaxic frame (Digital Lab Standard™ Stereotaxic – 

Single, Stoelting) for the implantation of the electrodes as previously described by 

Paxinos and Watson [139]. A 2 cm incision was made on the scalp (0 deg 

stereotaxic) and periosteum meniscus were cleared to identify the location of 

Bregma (Figure 66). The carbon paste electrodes were implanted in the striatum 

with the coordinates as specified from [140]: anteroposterior +1 mm, mediolateral 

+2.5 mm, and dorsoventral -8 mm to -5 mm. In several animals a 23G stainless 
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steel guide cannula was inserted through the cerebellum and the CPE was 

inserted into the medulla oblongata so that the tip lay 2 mm beyond the end of 

the cannula. This resulted in a measurement at the coordinates: anteroposterior -

14 mm, mediolateral +0.5 mm, dorsoventral -7.9 mm.  This placement correlates 

with the tip of the sensing electrode being 2 mm below the dorsal surface of the 

brainstem.  

 

Figure 67: Stainless steel screws placed into the skull, the cannula is used to place the carbon 
paste electrode into the brainstem. The auxiliary electrode is shown attached to a support screw. 

Stainless steel microscrews were used as anchors for the dental cement (Figure 

67). The reference electrode was inserted into the cortex and the auxiliary 

electrode was wrapped around one of the support screws. A layer of dental 

cement was placed over the skull encompassing the implanted electrodes and 

allowed to dry holding the electrodes in place without covering the screws. The 

excess length of the electrodes was wrapped around the screws so that the 

connection between the electrodes and the leads would be encased in dental 

cement providing mechanical strength. The skin incision on the head was then 

closed with silk sutures.  

The rats were placed on a heating pad for up to 12 hours post-surgery to aid 

recovery. Body weight, fluid intake and general health were monitored regularly 

throughout both the post-surgical recovery and experimental protocol. Once the 

rats began to show a trend in increasing weight gain (usually within 1 week) the 

experiment protocol would begin. Data was analysed in IBM SPSS Statistics 19 

and expressed as mean ± SEM.   
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3.2.3. Experimental protocols 

1. Responsiveness of the PO2 measurement to hypoxia / hyperoxia 

Hypoxia and hyperoxia was performed by placing the home cage into a 

sealed box with a gas inlet, allowing the rat to move freely around its cage 

whilst being subjected to a controlled environmental oxygen concentration. 

The outlet of the box was exposed to room air to maintain atmospheric 

pressure within the rat cage. The inlet was connected to gas cylinders 

containing medical grade 10 % O2 / 90 % N2 or 100 % O2 (BOC gases). 

This approach allowed hypoxia and hyperoxia to be induced in the brain 

tissue, while the resulting PO2 was measured by the telemetry system.  

 

Figure 68: Rat cages placed inside sealed boxes for varying the inspired oxygen concentration. 

 

After the rat was placed in the box it was exposed to room air for at least 

15 minutes as an initial control period. After this time, hyperoxia was 

obtained by changing the inlet gas to 100 % O2 for at least 20 minutes 

after which there was another room air exposure of at least 15 minutes 

duration. Hypoxia was then achieved by changing to 10 % O2 for at least 

20 minutes followed by an air control period of at least 15 minutes.  

The measurement from the telemetry system was continuously monitored 

throughout the experiment. This protocol was performed in 6 rats to 

detect a significant difference between the hyperoxia and hypoxia groups. 
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2. Demonstration of chronic measurement of PO2 

This was similar to protocol 1 but was performed with repeated cycles of 

hypoxia and hyperoxia. The rat whilst freely moving in its home cage was 

exposed to 10 % O2 and 100 % O2 for 30 minutes each with a 20 minute 

room air control period. The chamber oxygen concentration was measured 

in several repetitions using a gas analyser (AdInstruments). Periods of 

hypoxia and hyperoxia were repeated weekly for the length of the 

experimental protocol of 3 weeks. Continuous video was captured from a 

generic webcam and analysed using the LabChart-video capture extension 

(AdInstruments) 

 

3. Demonstration of chronic measurement of PO2 response to a 

pharmacological intervention. 

The carbonic anhydrase inhibitor, acetazolamide (Sigma Chemicals) was 

used as an example of a pharmacological intervention which may alter PO2 

[35, 100]. Previous oxygen probe experiments by Clark and Lyons [100] 

and Bolger and Lowry [35] used repeated applications of the carbonic 

anhydrase inhibitor, acetazolamide. This compound has been observed to 

cause increases in cerebral blood flow [101]. Acetazolamide was 

administered by intraperitoneal injection at a dose of 50 mg/kg and 

repeated weekly over 6 weeks. 
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3.3. Results 

3.3.1. Demonstration of chronic measurement of PO2 

 

Figure 69: The mean daily PO2 measured in the brainstem over three weeks in a single rat. 

The 3 day period immediately after surgery was associated with a reduction in 

the baseline PO2 measured in the brainstem. Over the remainder of the 

experimental protocol, brainstem PO2 remained stable. Although the baseline 

values showed some variability day to day, there was no significant trend (Figure 

69).  

External noise from sources such as laboratory equipment and lighting had no 

addition of noise to the acquired signal. As a digital RF communication protocol 

is utilized in the telemetry system, RF interference results in data loss rather 

than signal noise. Throughout the 22 day experimental period, the telemetry 

system exhibited some instances of data loss due to poor communications (<5 

seconds of data loss) and inadequate battery charging (<1 hour of data loss). 

These periods of data loss were excluded from the data analysis. 

All implantable electronics result in some heat dissipation into the surrounding 

tissue. Throughout the protocol the telemeter internal temperature was recorded 

and experienced no greater than a 3oC increase. The temperature of the tissue 

surrounding the telemeter will be less than this due to thermoregulation. 
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3.3.2. Responsiveness of the PO2 measurement to hypoxia / hyperoxia 

 

 

 

Figure 70: A typical response of PO2 measured in the brainstem (solid line) and oxygen gas 
concentration measured in the chamber (dotted line), to exposure of 100 % and 10 % oxygen in a 

single rat. 

After allowing for a post-surgical recovery of 7 days, rats living in their home 

cage were exposed to a period of at least 20 minutes of 100 % O2. The measured 

PO2 in the brainstem closely followed the increase in oxygen gas saturation in the 

chamber ( 

Figure 70). The mean increase in measured PO2 from baseline in the last 

10 minutes was 34 % ± 3 % (n=4,p<0.001). Spontaneous increases in PO2 were 

observed and were coupled with locomotive activity of the rat (observed from the 

video camera recording). These increases were short lived deviations from the 

baseline and were removed from the calculation of the overall mean increase in 

PO2. When the chamber containing the rat cage was re-exposed to room air PO2 

closely followed the chamber PO2. 

Exposure to 10 % O2 produced a 51 % ± 2 % (n=4, p<0.002) decrease in PO2 

from control levels, again following closely the oxygen levels in the chamber. 

During hypoxia, the occurrence of spontaneous increases in PO2 was reduced, and 

the observed locomotive activity was also reduced. After the chamber was allowed 

to re-equilibrate with room air following induction of hypoxia, the PO2 typically 

overshot the change in chamber oxygen gas saturation with the level typically 

returning to baseline after 30 minutes.  
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Figure 71: Demonstration of chronic peak responses of PO2 measured in the medulla oblongata 
during hypoxia and hyperoxia in a single rat. 

To demonstrate the responsiveness of the system over a chronic period, the 

hyperoxia and hypoxia challenges were repeated weekly over an experimental 

protocol duration of 3 weeks. Over the 3 week protocol duration, the system 

remained responsive to changes in PO2 with no significant differences observed 

between the changes seen at week one, two or three (Figure 71).  

3.3.3. Demonstration of chronic measurement of PO2 in response to a 

pharmacological intervention.  

 

Figure 72: (A) Typical response in one animal of PO2 measured in the striatum after carbonic 
anhydrase inhibition administration. Dotted line represents time of injection (I.P.). (B) 

Maximum increase in PO2 measured in the striatum of one animal repeated over 6 weeks. 
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The weekly administration of carbonic anhydrase inhibitor was used as a 

pharmacological stimulus, to increase brain oxygen. The typical response was a 

substantial increase over a 20 minute period, followed by a return to baseline 

levels over the ensuing 4 hours (Figure 72A). The average increase in PO2 was 

27 % ± 2 % across all administrations (Figure 72B). The increases ranged from 

22 % to 34 %. 
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3.4. Discussion 

The fully implantable telemetric system described in Chapter 2 for the 

measurement of tissue oxygenation, successfully detected changes in PO2 in the 

conscious rat in both the striatum and medulla oblongata. The continuous and 

chronic measurement of PO2 from repeated chronic hypoxia/hyperoxia episodes 

was demonstrated. An example of PO2 measurement during repeated chronic 

pharmacological interventions was also presented. 

To validate the ability of the system to detect changes in PO2, hypoxia and 

hyperoxia in the tissue were induced by varying the inspired gas concentration 

whilst continually monitoring PO2. The changes detected during tissue hypoxia 

and hyperoxia are comparable to tethered experiments with carbon paste 

electrodes performed by Bolger and Lowry [35]. After the hypoxia application, 

measured PO2 overshoots as one would expect from reactive hyperemia [141]. 

The ability to measure baseline levels of PO2 chronically was demonstrated by 

continuously recording over 3 weeks during which time basal levels remained 

stable. Our novel implementation of wireless power provides a method to recharge 

the battery while the animal is freely moving in its home cage. The carbon paste 

electrodes provide long term stability due to their reduced surface protein 

poisoning compared to platinum electrodes [35, 86]. These novel technologies are 

combined to provide a fully implantable telemetry system enabling the continuous 

and potentially lifetime measurement of extracellular oxygen concentration in the 

rat.  

The data presented in this chapter shows the ability of the system to operate 

chronically and measure oxygen concentration continuously. As it was 

demonstrated, the chronic monitoring enabled by our system allows researchers to 

study long term trends in PO2. Continuous recording could possibly also provide 

a method of detecting PO2 during sudden events such as a seizure or arrhythmia, 

or whilst the animal is outside its home cage in an environment such as in a 

behavioural maze.  
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It was observed that the baseline PO2 had a settling period of several days 

following surgery. McHugh and colleagues [63] have previously attributed this 

phenomenon to conditioning of the oil in the carbon paste leading to an increase 

in the rate of charge transfer during this period. The variability of the 

measurements is comparable to that observed by Bolger and Lowry [35]. The 

variability in our measurements of PO2 can be attributed to local physiological 

changes in PO2 rather than movement artifacts. Bolger and Lowry [35] also 

reported that there is no effect on the PO2 from movement of the sensor for 

carbon-paste electrodes. These local physiological changes are commonly 

manifested in measurements taken from a non-active baseline value and have 

previously been observed with carbon-paste electrodes [63, 102] and other 

functional imaging studies [142].  

The explantation process disturbs the electrode making it difficult to determine 

the location of the tip; therefore the data is presented as measured in brain 

regions as specified by the stereotaxic implantation coordinates. There is a 

beneficial averaging effect to this electrode size, as electrodes with smaller 

diameters would detect the rapid dynamic responses of PO2 but would have the 

consequence of  greater variability in the measurements due to variation in the 

location of the tip [86]. 

One particular advantage of the real time measurement system is the rapid <1 s 

response time of the carbon-paste electrodes calculated from in-vitro 

measurements [35]. The current detection circuit in the potentiostat of the 

telemetry system was band-limited at 23.4 Hz and thus can theoretically detect 

changes in the signal from the electrode within 42 ms. This performance makes 

the system suitable for monitoring potentially rapid changes in tissue oxygenation 

that may occur during different behaviours or stimuli e.g. induced 

stroke/ischemia. While the system can potentially detect these rapid changes, the 

concentration will be on the measurement of slower responses. Masamoto et al 

[143] studied the frequency spectra of oxygen measurements in brain tissue of 

anesthetized rats and determined that due to the apparent diffusion time of 

oxygen across the tissue only low frequency components (<0.2 Hz) are exhibited. 

The measurements taken during hypoxia and hyperoxia also demonstrated only 
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low frequency (<0.2 Hz) components which is consistent with Masamoto et al 

[143]. There is an inherent difficultly in demonstrating high frequency oxygen 

measurements in-vivo with our telemetry system due to the limit of oxygen 

transportation in tissue, which is not band limited by the system itself.  

A potential limitation of this measurement system is the inability to provide in-

vivo calibration of the oxygen signal. This is inherent in all implanted 

polarographic oxygen sensors and has been typically solved by using dynamic 

measurements. Absolute values of in-vivo oxygen concentration can be 

interpolated via in-vitro calibration, but are assumed to be correct as they cannot 

be validated for in-vivo accuracy. For chronic measurements, such as studies of 

long term trends, the drift associated with oxygen sensors may introduce an error 

when in-vitro calibration is used. Compared to other electrodes, the use of carbon 

paste electrodes minimizes this error introduced in using in-vitro calibration for 

absolute oxygen measurements due to their greater long term stability and 

tolerance to physiological changes in temperature, pH and ionic concentrations 

[112]. 

While there have been previous attempts to monitor tissue oxygenation in freely 

moving animals through the use of tethers or external head mounted telemetry 

[18] these have had limited applicability due to either the restriction in movement 

(tethers) or the risk of infection (head mounted). The associated power 

requirements of a potentiostat has meant a fully implantable system has not 

previously been possible. Utilizing wireless power transfer and placing the main 

body of the telemeter within the abdomen removes these obstacles. The fully 

implantable approach provides reduced risk of infection, increased freedom of 

movement and decreased risk of telemeter malfunction due tampering by the 

animal.  
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3.5. Conclusion 

In this chapter, an application of the fully implantable telemetry system for the 

measurement of oxygen was presented. A carbon paste electrode provided chronic 

electrochemical measurement of oxygen concentration and was combined with a 

digital telemetry system which provided high bandwidth wireless data acquisition, 

while utilizing wireless power transfer to enable continuous and lifetime 

monitoring of in-vivo brain oxygen concentration. The system provided 

uninterrupted data monitoring in freely moving rats and constitutes a new tool 

for neuroscience in exploring disease development and treatment. 
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Chapter 4. Electrocardiogram measurement in freely 

moving mice 

4.1. Introduction 

This chapter describes the development and validation of a fully implantable 

telemeter suitable for the continuous and chronic monitoring of 

electrocardiogram. This is enabled through the integration of a biopotential 

amplifier with a fully implantable telemetry system with the ability to 

continuously and chronically monitor in-vivo physiological signals. The 

background to these technologies was presented in Chapter 1. Implantation into a 

mouse requires the integration and miniaturization of these two technologies and 

the development of a novel control scheme to enable continuous chronic 

measurements.  

The purpose of the telemeter described in this chapter is to enable continuous 

and chronic monitoring of ECG. The design constraints which will be referred to 

in this chapter are as follows: 

• Measurement range. The peak to peak amplitude of the ECG waveform 

is highly dependent upon lead placement and conductivity between the 

electrode and the tissue as indicated in [74, 144] which review cardiac 

electrophysiology studies in the mouse. Existing literature [23, 145] suggest 

that a range of ±1.5 mV is sufficient to successfully capture the AC 

component of the mouse ECG signal. The DC component of the 
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measurement represents the difference in the polarization of the ECG 

electrodes [146]. 

• Resolution. The amplitude of ECG features also is dependent upon lead 

placement, but it is important that the measurement system can resolve 

the smallest feature of the interest of the waveform. The amplitude of the 

P wave in the Lead II configuration is a good frame of reference for the 

limit of resolution. The P wave represents the atrial contraction of the 

heart and is a small independent feature of interest present in the mouse 

ECG waveform and has a characteristic shape which is not convoluted by 

the QRS complex. A typical P-wave amplitude in a mouse is 220 µV [147], 

which is an example of the smallest feature of interest of the ECG 

waveform and therefore is a good definition of the minimum detection limit 

on the telemetry system. 

• Bandwidth. The bandwidth of the measurement system is critical in 

ECG analysis, as time intervals of the ECG waveform are commonly 

extracted. Inadequate bandwidth will result in reduced temporal resolution 

increasing the error of these ECG parameters. A frequency analysis 

performed in [80] has shown that 55% of the relative power of the QRS 

complex from wide band lead II ECG measurements in mice was 80-

1000 Hz. Therefore, the bandwidth of the system should be maximized to 

capture these high frequency components. As the DC component is of little 

interest to the end user this can be removed to provide better dynamic 

range. A bandwidth of 1-1000 Hz is sufficient to capture the majority of 

the frequency content and provide excellent temporal resolution for ECG 

parameter measurements. 

• Continuous and chronic measurements. As described in Chapter 1, 

the chronic measurement of physiological signals is important when 

studying long term changes. This is also essential in ECG measurement, 

such as in toxicology, where the long term changes of QT-interval gives an 

index of heart function as discussed in [1]. This is exemplified in [148], 

where the ECG was measured from a fully implantable telemetry system 

to detect a significant change in QT intervals as an indicator of cardiac 



 

115 

remodeling after myocardial infarction. It is also of interest to detect rare 

occurring events, such as the sudden onset of cardiac arrhythmia and 

therefore is important to provide continuous monitoring. An example of 

this is in the review article by Wehrens et al  [73], where different 

spontaneous arrhythmias could be detected in mouse models of atrial 

fibrillation. Chronic is a relative term which is often referring to a study 

which is ‘not acute’, therefore chronic could refer to several days or several 

years. As a design constraint, ideally the target is continuous measurement 

for the animal’s lifetime. 

• Freely moving. It is important when collecting data that potential 

sources of bias are removed which may affect the outcome of the 

experiment and the conclusion on the validation of a scientific hypothesis. 

As described in Chapter 1, the replacement of tethers or sedatives with a 

fully implantable telemeter removes contributing factors which could 

disrupt the ECG measurement. Appleton et al [74] has commented 

previously that anesthetics affect the ECG morphology, which emphasizes 

the importance of conscious measurements. Mice are also highly susceptible 

to stress, which is exemplified in the extreme case of wild-type mice which 

are prone to myocardial infarction during tail cuff measurements. The ideal 

measurement of ECG should be taken from a freely moving mouse in its 

home cage without the need for tethers, tail cuffs or sedatives.  

• Telemeter size. For a fully implantable telemeter, the size and shape 

should be minimized to provide unobstructed movement and have a 

minimal effect on the mouse physiologically. Moran et al. showed in rats 

that telemeters up to 15% of body weight implanted subcutaneously did 

not affect the health or well-being of the animal [113]. Mice are often in 

the 20-30 grams range, which suggest a limit on telemeter weight from 3 to 

4.5 grams.  

• Power constraints. The IPT system introduced in Chapter 1 provides a 

source of power which overcomes the finite capacity of batteries and 

removes considerable bulk from the telemeter. Utilizing this technology, 

the telemetry system must provide continuous lifetime monitoring. The 
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power demands of the telemeter must also be minimized to an average 

power of < 50 mW, to match the power supplied by the IPT system. 
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4.2. Telemeter circuit design 

Digital system / Wireless communications 

A digital system provides flexibility and robustness which cannot be matched in 

an analog system. Power consumption is the cost, but as IPT powers the 

telemeter it is not a critical parameter. A microcontroller on the telemeter will 

provide the ability to perform two way communication to the telemeter for 

control and management of multiple telemeters. The limited amount of onboard 

processing can be utilized for packet construction and flexible RF configuration 

such as packet retransmission. 

To reduce of the overall size of the telemeter, a system on a chip (SOC) can be 

used which contains an 8 bit microcontroller (typically 8051 compatible) with an 

embedded RF transceiver. Component count and thus overall footprint area can 

be reduced by removing the necessity for external ADCs and an external RF 

transceiver. The ideal SOC will have 12 bit ADC resolution with at least 4 

channels for analog input; minimised power consumption, ideally less than 

20 mA; a high data rate of at least 1 Mbps, and smallest footprint possible. Table 

5 outlines several options for the SOC.  

The Si4010 has attractive features in terms of size and power consumption. 

However, the frequency of transmission has a substantial influence on the size of 

the antennae. At 434 MHz, a PCB antenna occupies an area of approximately 

25x15 mm. The nRF24LE1 offers a good tradeoff between good performance 

including low power consumption, with good RF communications and an 

excellent footprint size of 4x4 mm.  
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Manufacturer Model Typical 
current 

RF  ADC Size 

Atmel 
Corporation 

ATmega128RFA1 18.6 mA 2.4 GHz 
3.5 dbm 
2 Mbs-1 

10 bit 
8 channels 

9x9 mm 
(64 VQFN) 

AXSEM AX8052F151 28 mA 400 – 470 MHz 
800 – 940 MHz 
-15 dbm 
600 kbps 

10 bit 5x7 mm 
(QFN40) 

Microchip MRF24J40 23 mA 2.4 Ghz, (ZigBee™, 
MiWi™ protocols) 
250 kbps  
625 kbps 
0 dbm 

NONE 6x6 mm 
(QFN) 

Texas 
Instruments 

CC2530 29 mA 2.4 Ghz 
4.5 dbm 
 

12 bit 
8 channels 

6×6 mm 
(QFN40) 

Nordic 
Semiconductor 

nRF24LE1 13.5 mA 2.4 GHz 
0 dbm 
2 Mbps 

12 bit 
7 channels 

4x4 mm 
(24-QFN) 

Analog Devices ADUCRF101  
(pre-release) 
Cortex M3 

32 mA 431-464 MHz 
862-928 MHz 
13.5 dbm 
300 kbps 

14 bit 9x9 mm 
(LFCSP) 

Silicon Labs Si4010 14.2 mA 27-960 MHz 
100 kbps 
10dBm 

NONE 3x5mm 
(No external 
crystal) 

Silicon Labs Si1010 85 mA 
(+20 dBm) 
18 mA  
(+1 dBm) 

240–960 MHz 
+20 dBm 
 

12 bit 
18 channels 

42-pin QFN (5 
x 7 mm)  

Table 5: System of a chip (SOC) microcontrollers and embedded RF transceivers. 

Additional components include a TSX-3225 (Epson Toyocom Corporation) 

16 Mhz crystal oscillator chosen for its small footprint size and good temperature 

stability, a Fusca 2.4 GHz SMD antenna chosen for its small footprint. Other 

passive components were chosen in 0402 package components where possible, as 

the 0402 package offer a size which minimizes the circuit area and can be soldered 

by hand for prototyping. 

Multiple analog inputs to the Nordic SOC allow monitoring of the ECG signal, 

rail voltage induced from the wireless power supply and temperature. The ECG 

signal from the biopotential amplifier is sampled at a rate of 2 kHz at 12 bit 

resolution, the wireless power monitor is sampled at a rate of 2 kHz at 8 bit 

resolution, while temperature is sampled from a thermistor at a rate of 42 Hz at 

12 bit resolution. Analog to digital conversion is performed by the multiplexed 

ADC in the microcontroller.  
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Analog front end.  

An instrumentation amplifier is used for the amplification of the microvolt ECG 

signal, to reject common mode noise whilst providing the gain required for ADC 

sampling. The instrumentation amplifier must exhibit the following 

characteristics which are consistent with our overall design constraints:  

• Small size: ideally the amplifier should have a footprint of less than 

3x3 mm with the gain set by a single resistor;  

• Low power: to reduce the overall power consumption of the telemeter an 

amplifier with a quiescent current of less than 100 µA is ideal; 

• Low noise: ideally the noise should be minimised to less than 1 μV peak 

to peak, with good common mode rejection (CMRR >100dB at 50/60Hz). 

• Power supply requirements: A single rail is generated to power the 

analog frontend at 3.3 V so a supply compatible with this is desired. 

Several amplifiers were considered and some critical specifications are outlined in 

Table 6. The INA333 (Texas Instruments, Texas, USA) was chosen over the 

other candidates due to its outstanding noise performance, small size and low 

quiescent current. 

Manufacturer Model Quiescent 
current 

Noise MIN 
CMRR 
(DC-
60 Hz) 

Footprint 
size 

Analog Devices AD822X 40 μA 4 μA p-p noise  
30 nV/√Hz, RTI noise 
@ 1 kHz 

105 dB 5x3 mm 

Linear technologies LTC2053 750  μA 2.5 μA p-p (0.01 Hz-
10 Hz) 
125 nV/√Hz RTI noise 

95 dB 3x3 mm (DFN) 

Linear technologies LT1789 95  μA 1.5 μV p-p (0.1 Hz–
10 Hz) 48 nV/√Hz RTI 
noise 

100 dB 4x5 mm (SO-8) 

Texas 
Instruments 

INA333 50  μA 1 μV p- 
50nV/√Hz RTI noise 

100 dB 3x3 mm 
(DFN-8) 

Table 6: Micropower instrumentation amplifiers for the biopotential amplfier frontend 
measurement of mouse ECG. 

The ECG signal may contain a DC offset which is typically caused by electrode 

connection half-cell voltages and is not related to the ECG being measured. To 

allow high gain amplification without saturating the amplifier output, the 

negative and positive inputs to the amplifier are AC coupled. The inputs are also 
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RC filtered to provide RF attenuation before amplification. Bias currents are 

provided by a 1 MΩ resistor to ground. Decoupling capacitors on the power 

supply rails provide a low impedance path for high frequency noise signals to the 

analog signal ground. An analog ground voltage level is set to +0.6 V with 

respect to the power supply return (digital ground) by a voltage reference 

(ISL21032, Intersil). The gain of the instrumentation amplifier is set to provide 

an output range of 0-1.2 V to match the ADC input on the nRF24LE1 

microcontroller. With the gain set to 417.7 V/V, a 3 mV peak to peak signal 

input will approximately result in a 0-1.2 V output signal centered at the 

reference of 0.6 V.  

The instrumentation amplifier drives the ADC of the microcontroller without the 

need for an active buffer. An anti-aliasing RC filter is used on the input to the 

ADC with a corner frequency 1000 Hz which will sufficiently remove high 

frequency noise.  

 

Figure 73: Schematic and LTSpice model of the analog frontend. 

For simulating the performance of the analog frontend, an LTSpice (Linear 

Technologies) model was created and is shown in Figure 73. Filter stages are 

shown as dotted rectangles. Bypass capacitors, which exist in the physical circuit, 

have been excluded as the voltage rails are being driven by ideal sources in 

simulation The INA333 instrumentation amplifier subcircuit model is a macro 

model (Rev. B) supplied by Texas Instruments. This model will be utilized in 
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section 4.7 to estimate the noise characteristics and to determine the AC small 

signal response. The validity of this model will be compared against 

measurements taken from the output of the analog frontend.  

On board power supply rails 

The telemeter supply rails are split into VDD and VCC, for the digital supply 

and analog supply. An LP3996 dual linear regulator (National Semiconductor) 

provides 3.3 V and 3 V for the digital and analog systems respectively. This 

separation helps isolate high frequency transients caused by the SOC 

microcontroller and RF transceiver from influencing the analog part of the circuit. 

The LP3996 was chosen for its 10 pin, 3x3mm (LLP) footprint and its ample 

power capacity to drive 150 mA for the analog 3 V supply and 300 mA for the 

digital 3.3 V supply. The input to the regulator must be 2.0-6.0 V and is supplied 

by the IPT system block. VCC drives two voltage references, a +0.6 V reference 

for the analog ground reference and a +1.2 V reference for the ADC full scale 

reference. 

The ground planes of the PCB are separated to provide a localised ground plane 

for the digital system, this prevents ground loops and circulating eddy currents 

caused by high frequency transients. Planes are used for the VCC and VDD rails 

to create a low impedance path and bypass capacitors are used on voltage 

references and supplies.  

A 4.0 V voltage is provided by the IPT block on the telemeter to the LP3996 

regulator. While the analysis of this circuit is critical in the ability to transfer 

power to the telemeter, it is outside the scope of this thesis and is covered 

elsewhere [110]. In summary, wireless power is received by the transmitter by a 

parallel resonant pickup tuned to a frequency of 608 kHz. The output from the 

resonant tank is converted to a DC voltage via a full bridge rectifier and a 

smoothing capacitor. A voltage divider on the DC voltage after the rectifier gives 

a measure of the power received which drives the ADC input to provide feedback 

for the primary coil control. A 680 uF tantalum capacitor provides a buffer to 

maintain continuous transmitter operation to account for the time delay in the 
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power feedback over the RF communication link whilst searching for the next 

coil.   
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4.3. Telemeter design and encapsulation 

To make the telemeter fully implantable the circuitry needs to be encapsulated 

for mechanical strength, sealed to prevent liquid leakage and provide a 

biocompatible outer surface. In addition the encapsulant must have the following 

properties: ability to be sterilized using common sterilization techniques, be 

compatible with IPT and not significantly increase the size or weight of the 

telemeter. A range of potential materials which can be used to encapsulate the 

telemeter exist, and have been described in Chapter 2. 

Silicone was chosen as the encapsulant: As the excellent flexibility reduces the 

obstructiveness of leads traveling across the animal’s chest. The biocompatibility 

and IPT compatibility of silicone is suitable for a fully implantable mouse 

telemeter. While water permeability may be a concern, experience with potting 

telemeters used in rats have shown reliable device function over a period 

exceeding 12 months with silicone layers in the order of 0.5 mm in thickness. It is 

also possible to enhance the robustness to moisture by coating the circuit board 

in epoxy or parylene if issues arise with long term implantation. 

Several shapes of the telemeter were considered, which are shown in Figure 74. 

Currently available telemetry systems suitable for implantation in mice have 

shown a few different shapes. The PA-C10 (Data Sciences) is a rounded capsule 

shape similar to Figure 74A which is typically implanted over the shoulder for 

blood pressure measurement. The ETA-F10 (Data Sciences) is a flatter design for 

ECG measurements similar to Figure 74C which is more suited to implantation 

over the mouse’s flank. The MiniMitter (Respironics) range of mouse telemetry 

are long and rod-like, which would be difficult to fit a PCB in. 
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A. B. C. 

   

Figure 74: Three designs of mouse telemeters. (A) A cylindrical type telemeter with the coil 
around the outside, (C) A flat thin telemeter with greater length and width. (B) An in-between 

of A and C. 

Cylindrical type implants (Figure 74A) would stick out more than flatter type 

implants (Figure 74B/C), which would increase the impact the telemeter has on 

the skin and the ability of the mouse to freely move. The flat designs (Figure 

74B/C), provide a smaller impact of the implant on the animal and are more 

suited to the flat nature of rigid PCBs. These flat designs have the downside of 

greater size in the width and length. A conservative approach was taken to use 

rigid FR4 1.6 mm 6 layer PCBs for initial prototypes due to the ease in rapid 

prototyping and cost effectiveness. The flat telemeter design was chosen as it is 

also more suited to these PCBs and minimises the effect the telemeter has on the 

skin.  

A silicone jacket can be moulded or created into a sleeve using two thin pieces of 

silicone sheet. The PCB is then slid into the jacket and backfilled with silicone 

and cured in an oven at 60 oC. The total weight of the prototype implant is 3.0 g 

This can then be potentially downscaled by using a PCB thickness of 0.6 mm 

with polyamide flexible PCB to reduce the weight and overall size. The ECG 

electrodes are made of stainless steel coiled wire (Stellar Technologies; MN, USA) 

with backfilled silicone tubing. Approximately 3 mm of coiled wire is exposed at 

the tip of the electrode to provide electrical conductivity with the tissue. The 

resulting size of the prototype is 22 mm x 17 mm x 6 mm which fits over the 

mouse’s flank (Figure 75). 
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Figure 75: Final encapsulated telemeter for ECG measurements. 
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4.4. Receiver circuit design 

The top level role of the receiver is to receive ECG and field data from the 

telemeter, present the ECG to a data acquisition system, and control which 

primary coils are active to ensure power is maintained. The microcontroller is a 

nRF24LE1 microcontroller which has an embedded 2.4 Ghz RF transceiver. The 

acquired signals received over the RF communication link are converted to an 

analog output for ease of connection to existing data acquisition systems. 

Temperature is not reconstructed but used internally to monitor the telemeter. 

The ECG signal and received power are reconstructed using two AD5320 ADCs 

(Analog Devices) and buffered to drive 50 Ω BNC cables for data acquisition. A 

SPI interface controls which primary IPT coil is selected through two port 

expanders (MCP23517). The 32 lines available on the port expanders allow for 

the 18 coils to be selected through the firmware. 
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4.5. Firmware development 

The firmware on the nRF24LE1 microcontrollers of the telemeter and the receiver 

has two main tasks: the acquisition of the ECG signal at a rate of 2 kHz and to 

ensure the continuous powering of the telemeter from the IPT system. The ECG 

signal acquisition and the functions of the telemeter to provide this continuous 

powering from IPT is made up of several general processes as shown in Figure 76. 

 

Figure 76: Simplified algorithm for enabling the 2kHz sampling of the ECG signal and wireless 
transmission, whilst providing wireless power feedback to enable continuous operation of the 

telemeter.  
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This generalised firmware overview can be summarized in several design 

constraints which the telemeter and the receiver must meet. The design 

constraints of the telemeter firmware are as follows: 

• 2 kHz sampling of the ECG signal. 

• 2 kHz sampling and at least 100 Hz feedback of the wireless power monitor 

signal. 

• A robust RF link for the wireless power monitor signal to minimize packet 

loss (the transmission of the wireless power monitor signal is critical to 

continuous operation). 

• The response time of the telemeter at start-up must be minimized. 

The design constraints of the receiver firmware are as follows: 

• The 2 kHz analog reconstruction of the ECG signal. 

• Ability to change the primary IPT coil over SPI. 

• To make a decision on what IPT coil should be energized and when it 

should be energized.  
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4.6. Telemeter firmware 

To sample the ECG signal at 2 kHz and the wireless power monitor signal at 

2 kHz one of the internal clocks of the nRF24LE1 microcontroller can be used to 

provide a 4 kHz interrupt which can then be divided by 2 to provide the 

necessary sampling clocks for each signal. The implementation of this is shown in 

Figure 77. At each interrupt, the ADC mux sets the desired input channel. AIN6: 

Wireless power monitor, AIN1: ECG signal (Output of the instrumentation 

amplifier) and AIN0: Temperature signal. 
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void timer0_tick() interrupt INTERRUPT_T0 

{ 

 TL0 = 0xbb;   // 4kHz  

 TH0 = 0xfe;   // 4kHz  

 if (timer_count%2) 

 { 

  //sample wireless power                                   

  hal_adc_set_resolution(HAL_ADC_RES_8BIT);    // 8bit sampling 

  hal_adc_set_acq_window(HAL_ADC_AQW_36US);    // 36us acquisition window 

  hal_adc_set_input_channel(HAL_ADC_INP_AIN6);   // change mux to power monitor 

  hal_adc_start();        // start acquisition  

  while(hal_adc_busy()); 

  power_packet[power_sample_count++] = hal_adc_read_MSB();   //lo 

 } 

 else 

 { 

  //sample ECG signal 

  hal_adc_set_resolution(HAL_ADC_RES_12BIT);    // 12bit sampling                                      

  hal_adc_set_acq_window(HAL_ADC_AQW_075US);    // 0.75us acquisition window 

  hal_adc_set_input_channel(HAL_ADC_INP_AIN1);   // change mux to ECG signal 

  hal_adc_start();        // start acquisition  

  while(hal_adc_busy()); 

  signal_packet[signal_sample_count++;] = hal_adc_read_MSB();  //hi 

  signal_packet[signal_sample_count++;] = hal_adc_read_LSB();  //lo 

 } 

 timer_count++;   

 switch (timer_count)          //ready to send? 

 { 

  case (5):  

   hal_nrf_set_auto_retr(2, 500);      // 500 µs delay, 1 retransmits 

   power_send_pk = 1;     // global variable to indicate ready to send 

   power_sample_count = INFO_LEN_POWER;    // reset sample count 

   break; 

  case (17): 

     hal_nrf_set_auto_retr(1, 500);      // 500 µs delay, 1 retransmits 

   power_send_pk = 1;     // global variable to indicate ready to send 

   power_sample_count = INFO_LEN_POWER;    // reset sample count 

   break; 

  case (18): 

   hal_adc_set_resolution(HAL_ADC_RES_12BIT);   // 12bit sampling  

   hal_adc_set_input_channel(HAL_ADC_INP_AIN0);  // change mux to temp signal 

   hal_adc_set_acq_window(HAL_ADC_AQW_36US);   // 36us acquisition window 

   hal_adc_start();       // start acquisition  

   while(hal_adc_busy()); 

   temp[0] = hal_adc_read_MSB();     //hi 

   temp[1] = hal_adc_read_LSB();     //lo 
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46 

47 

48 

49 

50 
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52 
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56 

   break; 

  case (24): 

   hal_nrf_set_auto_retr(1, 500);      // 500 µs delay, 1 retransmits  

   signal_send_pk = 1;     // global variable to indicate ready to send 

   signal_sample_count = INFO_LEN_SIGNAL;   // reset sample count 

   timer_count = 0;       // reset timer count 

   break; 

  default: 

   break; 

 } 

} 

Figure 77: C code for the implementation of 2kHz sample of the ECG signal and the wireless 
power monitor. 

The rate at which the telemeter sends packets of data is important for 

maintaining power. The telemeter can send big packets occasionally, or small 

packets often. If the rate is very fast, then the receiver has the maximum possible 

time to respond to a detection of a drop in power received, however, fast packet 

rates means more power consumed, If the packets are too slow, then the receiver 

will not respond quickly enough to maintain power. Provided the mean data 

transfer rate is sufficient, the timing between packets is not an issue for the ECG 

data because this data will be buffered by the receiver which will reconstruct the 

data for the data acquisition system with a known fixed delay – if time between 

packets is long, the delay will be long. The scheme to send packets over the RF 

communication link is a trade-off between the reliability of the link, wireless 

power monitor feedback delay and power consumption.  

In general, power consumption can be minimised by sending longer packets with 

more samples per payload less frequently. This is due to the specified RF 

transceiver 11.1 mA peak current exhibited during 2 Mbps transmission at 0 

dBm. The maximum payload length is 32 bytes. Increasing the duration between 

packets increases the delay in the control of the IPT system. As the ECG signal 

data is not critical to be received with minimal delay the ECG signal and the 

wireless power monitor signal can be separated into 2 separate packet types. 

Packets containing ECG signal data can be transmitted at a slower rate, 

minimising the power consumption while not interfering with the frequency 

response of the IPT control.  

Packets containing the wireless power monitor can be shortened for minimal 

latency. The robustness of the RF communications can also be separated over the 
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type of packet, as the ECG signal packet is not critical in telemeter operation but 

only critical in signal reconstruction. The wireless power monitor on the other 

hand is critical to enable continuous operation of the telemeter. For example, a 

dropped ECG signal packet results in a discontinuous analog reconstruction for 

the period of the lost packet, while a dropped wireless power monitor packet 

could result in an excessive delay in the IPT control which in turn could result in 

a loss of power of the telemeter and a longer discontinuity of the analog 

reconstruction while the telemeter is energised and restarted. To provide RF 

robustness to the wireless power monitor packets, the automatic packet 

transaction handling feature of the nRF24lE1 RF transceiver can be enabled. By 

enabling auto acknowledge and auto retransmit functions of the transceiver the 

packet loss of the critical wireless power monitor packets can be reduced.  

The packet transmission scheme outlined in Table 8 was developed. A packet 

containing 12 samples (24 bytes) of ECG signal is sent every 24 clock cycles (6 

ms). The corresponding packet layouts are shown in  

Table 7. This packet layout contains 2 bytes for packet type identification and 

packet counting. The packet count is necessary for data alignment in case of 

delayed or lost packets. The ECG signal packet also contains 1 sample (2 bytes) 

of the temperature data. The final payload length of the ECG signal packet is 28 

bytes. While 32 bytes is available, a payload length of 28 bytes allows future 

expansion of the header or other data if necessary. A packet containing 6 samples 

of the wireless power monitor data (6 bytes) is sent every 12 clock cycles (3 ms). 

An additional 1 byte is used for packet type identification. 

TYPE 
1 byte 

COUNT 
1byte 

TEMP 
2 bytes 

ECG SIGNAL DATA 
24 bytes 

       
TYPE 
1 byte 

WIRELESS POWER MONITOR 
DATA 
6 bytes 

   

 

Table 7: ECG signal packet and wireless power monitor packet layouts. 
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Table 8: Timing diagram of sampling and transmission of data payloads. 

Sample Type P S P S P S P S P S P S P S P S P S P S P S P S 

4kHz count 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

Sampling 
(ECG) 

 1  2  3  4  5  6  7  8  9  10  11  0 

Sampling (IPT) 4  5  0  1  2  3  4  5  0  1  2  3  

Radio Engaged S  P PR       P PR  S 

 

Legend: 

Sample type: Represents the sampling channel of the mux for the selected clock cycle. P: Wireless power monitor sample, S: 

ECG signal sample 

4 kHz count: A count of the clock cycles 

Sample (ECG) / Sample (IPT): Represents the sample number in the packet (numbering starts at zero) 

Radio Engaged: Represents the time engagement of the radio with a packet type. S: ECG signal packet, P: Wireless power 

monitor packet, PR: Time for 2 resends of the wireless power monitor packets 
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To minimize the time from telemeter start-up to the first power packet being 

transmitted a special packet type was created. Containing a payload length of 1 

byte, a packet is sent before the timers are enabled. This indicates to the receiver 

that the telemeter has started up. Without this start-up packet, 5 samples of the 

wireless power monitor data would be taken before a packet is sent, increasing 

the time to send the initial packet by 1.5 ms.  

Receiver firmware 

The receiver reads the three types of packets transmitted by the telemeter. They 

are disassembled and data consistency checks are performed to prevent 

unpredictable results from interfering RF sources. Dependent upon the packet 

type, which is read from the first byte of the packet payload, the receiver 

performs the following functions 

• Start packet: The existence of a startup packet indicates that the 

telemeter has just started up and therefore is receiving enough power 

initially. The receiver firmware sets a global flag to prevent the receiver 

from immediately energizing a different primary coil. 

• ECG data packet: The ECG data from signal packets are transferred 

into a first in first out buffer (FIFO) for digital to analog conversion. A 

2 kHz timer interrupt ensures the samples are converted to analog at the 

sampling rate of 2 kHz.  

• IPT power packet: The data extracted from the wireless power monitor 

packets is then used to make a decision on whether the telemeter is 

receiving enough power for continuous operation and to select which coil 

should be energized to continue to power the telemeter.  

Additional functions of the receiver firmware include the SPI interface to the two 

port expanders which have a total of 32 parallel digital lines to control which 

primary IPT coils are energized. Each coil has an 8bit address which when parsed 

to the coil control function, toggles the digital line which controls the solid state 

switches in the IPT system. The SPI bus is also used to interface with the 2 

digital to analog converters. 
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The receiver attempts to ensure that the telemeter is receiving enough power 

from the IPT system. As explained in Chapter 1, this is done by selecting the 

primary coil which generates a magnetic field which provides sufficient alignment 

with the pickup coil on the telemeter. Closed loop feedback controls whether the 

alignment is becoming insufficient which is indicated by a drop in the wireless 

power monitor line. The data received from the wireless power monitor packets 

provide the receiver with the information required to make the decision to change 

the energized coil, or not.  

This can be controlled using simple closed loop feedback control which is 

described in Figure 78. A threshold can be set to the voltage which is required 

before the buffer capacitor starts to discharge. This would result in the maximum 

buffer time available for switching, from when the capacitor starts to discharge to 

the point where the microcontroller would turn off.  

 

Figure 78: Simplified control flow diagram for the continuous powering of the implanted 
telemeter. 

To prevent rapid unnecessary changes of the coils a hysteresis loop is introduced. 

This can be implemented with two threshold voltages which is demonstrated in 

Figure 79. The upper threshold can be used to detect when the IPT powering of 

the current coil, which it is holding on, becomes insufficient. The lower threshold 

is then used to test new coils as a hold condition, so if the wireless power monitor 

is over this voltage it will hold on this coil. The upper threshold is then used once 

it is holding on a coil for a period of time.  
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Figure 79: Demonstration of coil changing. The wireless power monitor line drops below the 
upper threshold indicating that coupling is becoming insufficient and the next coil will need to be 
found. The next coils are energized individually and tested to see if the wireless power monitor 

line is above the lower threshold. The next coil is successfully found and upper thresholding 
starts once the minimum hold time has been reached. This prevents fast changing between the 

coils at the transition period. 

This is implemented in the receiver firmware through the use of the wireless 

power monitor packet. There are two operating modes of the controller, which is 

dependent upon the ability of controller to receive data on the status of the 

wireless power monitor on the telemeter. During start-up, no packets can be sent 

until the telemeter is started-up; during continuous operation the controller 

receives continuous feedback on the status of ability to power the telemeter. 

Therefore the controller operation modes can be spilt into two: 

Start-up. During this period the telemeter has not been powered up and 

therefore is not transmitting any data yet. In this state no knowledge is known 

about where the telemeter is and which coil should be energized. The primary 

coils each need to be energized for a certain period which allows for the telemeter 

to receive power, start-up and send the status of its wireless power monitor. This 

can take a maximum of 60 ms (Figure 80), which means to find the telemeter in 

this start-up state it must sweep through each coil and energize them for at least 

60 ms each to startup the telemeter and provide information about its current 

location (Figure 80). 

   

 

Wireless 

power monitor 

Time 

Coupling detected as insufficient 

Changing coils 
Lower thresholding 

 

New coil detected 
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Figure 80: The start-up period of the telemeter. The purple line represents the energizing of the 
primary coil which is sufficient to power the telemeter. The orange and cyan lines represent the 
telemeter transmitting packets. This shows the period of ~60 ms from energizing of primary coil 

for the telemeter to start-up and start sending packets.  

Over a maximum of 18 coils which take 60 ms each to test, the worst case time to 

find the next coil is 1.08 s. If it is assumed that the field remains sufficiently 

aligned for powering the telemeter along a distance of d/4, where d is the 

diameter of the coil; which for the 18 coil prototype system d=8 cm, this results 

in a maximum worst case linear speed of 1.85 cms-1 of the mouse. For rotations, it 

can be assumed that the alignment is sufficient over an angle of π/2 rad, which 

results in a maximum worst case rotational speed of 0.46π rads-1.  

While these are theoretical calculations, they provide an indicator of maximum 

possible speeds the mouse can move without the control scheme breaking down. If 

a mouse was to move faster than these limits, the delay in feedback would cause 

the previous coil to be incorrectly selected resulting in the telemeter powering 

down. 

Continuous operation. Once the telemeter is powered up and continuously 

transmitting data, the time delay between a change in the magnetic field and the 

ability of the controller in the receiver to adapt is reduced to 3 ms which is 

limited by the sampling rate of the wireless power monitor line. An upper 

threshold of 3.5 V and a lower threshold of 3 V is used. If the mouse moved 

across the cage to an adjacent coil, the receiver would detect a drop in this power 

monitor to the upper threshold which indicates that the wireless power received is 
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insufficient for continuing to power the telemeter. Therefore the controller must 

find another coil which will continue to power the telemeter.  

Over a maximum of 18 coils which take 3 ms each to test, the worst case time to 

find the next coil is 54 ms. Again if it is assumed that the field remains 

sufficiently aligned for powering the telemeter along a distance of d/4, where d is 

the diameter of the coil; which for the 18 coil prototype system d=8 cm, this 

results in a maximum worst case linear speed of 37 cms-1 of the mouse. For 

rotations, it can be assumed that the alignment is sufficient over an angle of 

π/2 rad, which results in a maximum worst case rotational speed of 9.3 π rads-1.  

While these are theoretical calculations, they provide an indicator of maximum 

possible speeds the mouse can move without the control scheme breaking down. If 

a mouse was to move faster than these limits, the delay in feedback would cause 

the previous coil to be incorrectly selected, resulting in the buffer capacitor to 

discharge and ultimately power the telemeter down. 

When the telemeter is in this continuous operation state, the telemeter will 

continue to operate with the storage capacity of the tantalum (minimum of 180 

ms) when switching coils (Figure 81). This gives the control system sufficient 

time to find the next coil by powering up coils individually and detecting the 

change in the wireless power monitor line. If the wireless power monitor line is 

above the lower threshold, which indicates that the coil will provide sufficient 

power and will hold on this coil until the telemeter moves and coupling becomes 

insufficient for continuous operation. This continuous operation control of the 

primary coils is essential in providing continuous measurement of ECG as the 

telemeter must be powered regardless of orientation and location across the cage. 
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Figure 81: The shutdown period of the telemeter. The purple line represents the shutdown of 
converter driving the primary coils. The orange and cyan lines represent the telemeter 

transmitting packets. This shows the period of ~180 ms which the tantalum capacitor will 

continue to power the telemeter for. 

Several benefits of this control scheme exist: 

1. Simplicity in implementation. The control algorithm is implemented in the 

nRF24LE1 microcontroller which has limited capacity for floating point 

arithmetic. Therefore simple thresholding control can be implemented in 

microcontroller with little processing overhead. 

2. Early detection of next best coil. As the mouse is moving across the cage, 

the voltage induced by the next best coil will be typically increasing at the 

same rate in which the voltage induced by the current coil is decreasing 

by. This rate of change is dependent upon the speed of animal’s 

movement. Take the proposed example shown in Figure 82, the voltage 

induced by the current coil is decreasing while the current induced by the 

next best coil is increasing. The upper threshold detects the point where 

the capacitor starts to discharge which indicates that it must find another 

coil. The lower threshold will then find this next best coil eariler than if it 

was using a single threshold. 
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Figure 82: Demonstration of the early detection of the next best available coil as the mouse is 
moving. The blue line represents the potential power induced on the telemeter; the red line 
represents the next best coil’s potential power induced on the telemeter. The use of a lower 

threshold decreases the search time between the coils. 

3. Prevention of rapid changes in poorly powered regions. In a region where 

the coverage of the IPT may be poor, for example on the roof of the cage 

close to the stainless bars, the hysteresis in the thresholding control will 

prevent continuous changes of the coils when the current coil is becoming 

insufficient for continuous power and when no better coils exist. This is 

demonstrated in Figure 83, by a coil inducing a voltage which is less than 

the upper threshold but there exists no better coil to replace it. Without 

hysteresis the control would continuously switch between the coils without 

holding on any causing the telemeter to lose power and turning off once 

the buffer has emptied. With hysteresis, the coils will be scanned once and 

will return to the previous if no better alternatives exist. This keeps the 

telemeter going, and will repeat scanning the coils at the point where the 

period of lower thresholding has ended.  

An alternative to an addition of a hysteretic loop is the implementation of 

an algorithm which remembers the order of preceding coils to detect the 

case of rapid switching between adjacent coils. This would interrupt the 

rapid switching between two coils but would require additional program 
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and random access memory. A hysteretic loop is the best solution to 

reduce this rapid switching between adjacent coils for the Nordic 

nRF24LE1 microcontroller architecture, as the program size and memory 

usage is minimised without introducing an unacceptable delay in the 

controller response time. 

 

Figure 83: Demonstration of the prevention of rapid scanning of the coils in poor power regions.  

Downsides of this control scheme implementation include: 

1. Rate and direction of change is not considered. The controller only tests 

whether the induced voltage is above the thresholds as there is no 

detection of whether the induced voltage is increasing or decreasing. This 

could result in the controller changing the coil before the reference 

threshold has been reached, regardless of whether the induced voltage is 

steadily increasing. A PID-type controller, for example, would take the 

differential into account which would estimate the future difference from 

the threshold voltage, improving the responsiveness of the system. The 

downside of more complex control algorithms is the additional processing 

overhead required in calculating integrals and differentials on the 

microcontroller. 
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2. No intelligent guess for the next coil. Due to the physical constraints of the 

cage and fixed layout of coils, there will be coil changing paths which are 

more prevalent than others. For example, a coil of direct vicinity to the 

currently energized coil will be a more likely candidate as the next coil 

than a coil which energizes a volume at the other end of the cage. An 

improved coil switching scheme could utilize the coil layout and movement 

patterns of the mouse to improve the ability to find the next coil. An 

analysis of the mouse’s movement and the resulting likelihood of coil 

changing combinations could be used to create an intelligent guess of the 

next coil to try. An algorithm which implements coil changing based on 

previous coil changing patterns would have a large memory overhead 

which is not suitable for implementation on the nRF24LE1 

microcontroller.  

3. Packet loss. The RF communication link of the wireless power monitor 

packets have been designed for robustness but it is impossible to prevent 

packet loss without severe delays in packet reception. If a period of packet 

loss occurred with a duration of >180 ms, it would appear to the controller 

that the telemeter has not been powered up. If the receiver hasn’t received 

a packet within the period of the storage buffer then the telemeter can be 

assumed to have shutdown, which will cause it to go into slow start-up 

mode operation decreasing the speed in which it can track the mouse 

around the cage. Less severe packet loss will also decrease the speed in 

which the controller can track the mouse around the cage, for example if 

every 2nd packet was lost then the maximum speed the controller can track 

the mouse is divided by two. Therefore, the speed in which the controller 

can track the animal around is directly proportional to the amount of 

packet loss. 
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4.7. Validation 

The purpose of this section is to validate the performance of the telemetry system 

and evaluate its ability to capture the ECG signal and provide continuous 

operation of the implanted telemeter. The LTspice model is used to simulate the 

AC small signal frequency response and to describe the noise spectral density of 

the analog frontend. Bench measurements are then performed in a water bath to 

validate the noise simulations. In-vivo measurements of ECG from an 

anesthetized mouse is used to show the ability of the system to measure ECG 

without the confounding effects of being able to continuously power a telemeter in 

a freely moving mouse. Chronic measurements taken in a conscious freely moving 

mouse demonstrate the ability of the telemeter to chronically capture ECG. The 

ability to continuously power the telemeter whilst the mouse is freely moving is 

also demonstrated.  

4.7.1. Simulations 

A small signal AC analysis of the analog frontend was performed using LTSpice 

to verify the frequency response and is shown below in Figure 84. The system has 

a middle frequency gain of 52.27 dB, with a band pass -3 dB roll-off occurring at 

1.56 Hz and 929 Hz respectively. This will effectively remove the DC component 

of the signal occurring due to the offset of polarisation between the ECG 

electrodes. This will also attenuate high frequency noise to reduce the overall 

noise figure of the analog frontend. 
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Figure 84: The LTSPICE AC small signal frequency response of the analog frontend on the 
telemeter. 

4.7.2. Noise 

The noise analysis performed in SPICE generated a spectral density function 

shown in Figure 85. The noise referred to the output of the instrumentation 

amplifier, was 26.717 µV/Hz½ at 10 Hz, 22.154 µV/Hz½ at 100 Hz and 

15.15 µV/Hz½ at 11 kHz. As expected the noise contributions from 1 to 10 Hz is 

proportional to 1/f. The noise floor rolls off at high frequencies which is consistent 

with the low pass filter corner frequency shown of 929 Hz shown above. 

 

Figure 85: The SPICE simulated output referred noise amplitude spectrum of the analog frontend 
on the telemeter. 

The total output referred RMS noise was 0.73 mV, calculated by the integration 

of the noise spectrum from 1 Hz to 2 kHz. Using a gain of 52.27 dB this equates 
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to an input referred noise of 1.79 µV. This noise value is much less than what is 

expected from the analog output of the receiver as the reconstructed ECG signal 

will contain noise contributions from the ADC on the telemeter, induced noise 

from the inductive power transfer system, and error in analog reconstruction for 

data acquisition.  

To measure the overall noise and noise spectral density the telemeter’s ECG 

electrodes were shorted and the telemeter was placed into a waterbath over the 

primary inductive power coils. The telemeter was powered up and measurements 

taken from the receiver using LabChart 7 (AdInstruments). The noise from the 

output of the instrumentation amplifier was measured to be 0.991 mVRMS, which 

equates to an input noise of 2.43 µVRMS. This noise figure includes contributions 

by the digitation and reconstruction on the receiver but is still the same order of 

magnitude as the simulated noise figure.  

The spectral density of the measured noise was also calculated in LabChart 7, 

averaged over 5 minutes. The noise floor was 27.1µV/Hz½ at 10 Hz, 22.6µV/Hz½ at 

100 Hz, which is consistent with the simulation results as shown in Figure 86. 

High frequency peaks were observed and were correlated with aliasing of 608 kHz 

noise induced from the inductive power transfer. This noise from the inductive 

power transfer did not have a significant effect on the overall total RMS noise 

value. These peaks could describe the difference between the simulated and the 

measured RMS noise. 



 

145 

 

Figure 86: Noise amplitude of the analog frontend of the telemeter. The Red trace represents the 
simulated output referred noise. The Blue trace is the measured output noise as seen from the 

output of the receiver. 

4.7.3. Evaluation of ECG measurement 

The penultimate evaluation of ECG measurement from the telemeter is the 

ability to capture the signal from a conscious freely moving mouse. Before this 

can be performed, the telemetry system is tested with a simulated cardiac 

generator using a signal generator. Once correct operation under these conditions 

is confirmed, the telemeter is implanted in a mouse and the ability to capture the 

ECG waveform is evaluated. 

4.7.3.1. Bench evaluation 

A reference mouse ECG waveform was generated by a signal generator 

(Tektronix AFG 3022). The output of the signal generator was attenuated by 75 

to provide a signal of ±1.5 mV with an equivalent heart rate of 720 bpm suitable 

for the input to the biopotential amplifier. The telemeter transmits this data 

wirelessly to the receiver which was attached to a 6025E (National Instruments) 

or PowerLab (AdInstruments) data acquisition system with a sampling rate of 

2 kHz with a 50 Ω BNC cable. The output of the signal generator before 

attenuation was also acquired by the data acquisition system setup for 

comparison. Noise and offset measurements were taken in LabVIEW 2010 

(National Instruments), while measurements of the ECG parameters were 

performed in LabChart 7 (AdInstruments) with the ECG analysis toolbox.  
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Figure 87: The in-vitro evaluation of the telemetry implant for electrocardiogram measurements 
in mice. The telemeter is shown in a water bath, connected to the signal generator simulating a 
cardiac generator. The telemeter is powered by inductive power transfer and data is acquired by 

the receiver which is connected to a PowerLab. 

The signal generator output and receiver output was acquired by the data 

acquisition system (National Instruments, 6025E). A LabVIEW interface was 

used to capture the signals and analyze the raw data. The measured noise was 

1.95 mVRMS, which with a gain of 52.27 dB, equates to an input noise of 

4.79 µVRMS. The delay from signal generation to acquisition in LabVIEW was 

8 ms and DC offset was 65 µV and shown in Figure 88. This DC offset will have 

no effect on the measurement of the parameters of the ECG waveform as the 

ECG toolbox in LabChart removes the DC component.  
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Figure 88: Signal simulated from signal generator (Red) with signal measured from telemetry 
system (Blue). Signals have been adjusted for attenuation and amplifier gain to represent the 

signal at the input of the electrodes on the telemeter. 

4.7.3.2. In-vivo evaluation 

The ability of the telemeter to capture the Lead II ECG waveform was evaluated 

in an anaesthetized white mouse (CD1). The procedure was approved by the 

Animal Ethics Committee of The University of Auckland (AEC #810). The 

mouse was anesthetized with isoflurane and the telemeter was implanted over the 

left flank via a midline incision in the skin. The ECG electrodes were placed in 

the Lead II position and inserted into the muscle layer for good electrical contact.  

The mouse was placed on the inductive power transfer pad (while anesthetized) 

and telemeter was powered up. A typical trace of the ECG measurement is shown 

in Figure 89. The RMS noise was measured between the end of the P wave and 

the start of the QRS complex, due to the low physiological electrical activity in 

this region. The noise was 7.24 mVRMS output referred from the instrumentation 

amplifier, with a gain of 52.27 dB this equates to an input noise of 17.8 µVRMS. 

This noise figure also includes physiological variations present in the ECG signal. 

This noise figure is an order of magnitude smaller than what is required to resolve 

the P-wave of the ECG signal.  
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Figure 89: Typical ECG trace measured from the telemeter during anaesthesia. Captured in 
LabChart 7, calibration values have been applied to the signal, no digital filtering in software has 

been applied. 

To evaluate the telemetry system’s temporal resolution, the ECG parameters were calculated 
(LabChart 7, ECG analysis toolbox) and averaged over a period of 3 seconds (27 beats). It is 

expected over a period of 3 seconds for the ECG parameters to contain variation from noise in 
the measurement system and variation from physiological changes in the ECG waveform. The 

range of each of the ECG parameters calculated is shown in  

Table 9. All the ECG parameters calculated had a range of <1 ms which suggests 

that the variation of these temporal measurements is limited by the bandwidth of 

the telemetry system.  

 

Heart Rate 
(BPM) 

PR Interval 
(ms) 

QRS Interval 
(ms) 

QT 
Interval 
(ms) 

Avg 517.7 40.37 9.423 17.92 
Min 510.8 40.08 9 17.44 
Max 521.3 40.68 9.5 18.26 

 

Table 9: ECG parameters measured from an anesthetized mouse over a period of 3 seconds. 

4.7.4. Demonstration of continuous and chronic measurement of ECG 

The measurement of ECG was demonstrated in a conscious freely moving white 

mouse (CD1). Before implantation the telemeter was sterilized by soaking it in a 

2 % glutaraldehyde solution and rinsing thoroughly with sterile saline. A sterile 

field was maintained through the surgery and the mouse was anaesthetized using 

isoflurane for implantation. The surgical approach was adapted from [78] and was 

approved by the Animal Ethics Committee of The University of Auckland (AEC 
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#810). The telemeter was placed subcutaneously over right flank via a vertical 

midline incision in the skin. The leads were placed in the Lead-II configuration 

and anchored to the peritoneal tissue with silk sutures. The skin incision was also 

closed with silk sutures. 

After surgery the mouse was placed on a heating pad for up to 12 hours to aid in 

recovery. Body weight, fluid intake and general health were monitored regularly 

throughout both the post-surgical recovery and the experimental protocol. After 

post-surgical recovery, mice from the same litter were used as companions as 

required by the ethics protocols. The cage size used to house the mice was a Euro 

type 2 standard, or similar. The ECG signal from the mouse was measured for 7 

weeks post-surgery. 

To evaluate the frequency content of the measured ECG signal a measurement 

was taken over a period of 30 seconds while the mouse had an accelerated heart 

rate. The power spectral density was calculated in LabVIEW 2010 (National 

Instruments). Figure 90 shows that the majority of the frequency components 

were low frequency (<200 Hz), with a significant peak corresponding to the 

heartrate centered on ~13 Hz (780 bpm). There remained significant frequency 

content up to 400 Hz. This emphasises the importance of high bandwidth 

telemetry to capture the high frequency components that exist in the ECG 

waveform for accurate reconstruction of the ECG morphology and the temporal 

measurement of ECG parameters.  
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Figure 90: Frequency spectrum of ECG signal during a period of accelerated heartrate. 

The chronic measurement of ECG was demonstrated in a mouse over an 

experimental period of 7 weeks. During this time the mouse was conscious and 

could move freely within the home cage.  

The control of the primary coil selection is demonstrated in Figure 91. Initially 

the telemeter is not powered up and no packets are being received which is shown 

by the straight lines for the power received and ECG signal received. During 

startup, the coils are energized sequentially by powering each up for the duration 

required to receive feedback on the wireless power monitor line (at least 60 ms). 

In the example shown, coil 13 is initially providing wireless power which is 

sufficient to power the telemeter. The control system then goes into the 

continuous operation mode, as it is receiving continuous feedback on the status of 

the wireless power pickup on the telemeter. When the mouse moves, the 

alignment of the magnetic field from coil 13 becomes insufficient to continuously 

power the telemeter so the control system will sequentially scan through the coils 

at a fast rate while the telemeter is continuously powered by the buffer capacitor. 

As the mouse moves, the coil selected moves from coil 13 to coil 14 then onto coil 

3. In the transition between coil 14 and coil 3, the coils which are tested provide 

insufficient alignment to power the telemeter and this is shown by the dip in the 

power received line.  
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A. 

 

B. 

C. 

Figure 91: (A) Wireless power monitor line and thresholds (dotted lines) (B) ECG signal (C) 
Selected coil, periods of slow scan (start-up) and fast scan (continuous operation) modes are 

shown.  

During continuous operation there were periods where there was not a single coil 

which would provide sufficient power to continuously operate the telemeter. 

These periods were correlated with areas of the cage that have insufficient 

amplitude of the magnetic field, such as when the mouse is hanging from the roof 

of the cage correlated from video data (Video Capture Toolbox, Labchart 7, 

AdInstruments). The percentage datarate over 48 hours was 75%, calculated by 

counting the number of lost packets. The planar arrangement of primary coils 

under the cage provides the greatest wireless power transfer close to the floor, 

therefore at heights near the stainless steel bars on top of the cage the powered 

volume provided by the coils is insufficient in some directions  
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The wireless power control could successfully track the conscious and freely 

moving mouse around the cage. When the mouse was not moving, the system 

could successfully turn on the telemeter. While the ability to power up the 

telemeter once the mouse is moving had a significant effect on the datarate, due 

to the limited speed of testing the coils in this startup mode. This could be 

improved with better selection of the next coil to test. As described earlier, an 

improve coil switching scheme could utilize the coil layout and movement 

patterns of the mouse to improve the ability to find a coil which will power the 

telemeter. The analysis of the mouse’s movement and the resulting likelihood of 

coil changing combinations is a topic of future interest as it will have the benefit 

of improved datarate and the possible ability to provide a measure of activity. 

The telemeter successfully operated chronically over the length of the 

experimental protocol (7 weeks) and could be extended to the lifetime of the 

animal with ease. This offers an improvement over existing telemetry systems for 

chronic monitoring and high bandwidth measurements. This is enabled through 

the use of inductive power transfer which utilizes a novel coil arrangement and 

control scheme to provide near-continuous operation. 

4.7.5. Typical application: Measurement of mouse QT interval 

The QT interval is a measurement of particular importance as described in 

Chapter 1 as it has direct human clinical relevance and is commonly used as an 

indicator of cardiac toxicity in safety pharmacology. The QT interval is the time 

for electrical depolarization and repolarization of the left and right ventricles, 

which is quantified on an ECG Lead II waveform by the measurement from the 

start of the Q wave to the end of the T wave. The measurement of QT interval 

from existing fully implantable telemetry systems has been limited. This can be 

potentially attributed to the limited sampling rate of existing telemetry systems, 

which provides poor temporal resolution for the QT interval measurement.  

Utilizing the fully implantable telemetry system presented in this chapter which 

has a sampling rate of 2 kHz for ECG measurements, a greater temporal 

resolution of the QT interval can be achieved improving the state of the art for 
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capturing this important signal. Therefore, this section demonstrates the ability 

to detect a change in the QT interval, as an end user would in a research study. 

To induce a detectable change in the QT interval, a pharmacological intervention 

can be used. Isoproterenol is commonly used in research animals to acutely 

increase heart rate, such as in [23]. The relationship between heart rate and QT 

interval has been observed to have a square root relationship as described in 

[149]: 

PQD/
QD�R = P��/

���
R
/
�
 

(4-1) 
 

 

A benefit of using Isoproterenol other over substances is that the changes in QT 

interval are acutely well defined by this relationship. Other substances are more 

affected by the mouse physiology and the expected change in the QT interval 

would vary greatly between animals and mouse strains. Therefore if the mouse is 

stimulated by increasing its heart rate with Isoproterenol small changes in QT 

interval can be induced. For example, a mouse with a baseline heart rate of 

724 bpm could have a QT interval of 34.0 ms [150], therefore if the heartrate 

increases to 900 bpm then it is expected that the QT interval will decrease to 

30.5 ms. As the difference between the resting and the stimulated QT interval is 

3.5 ms, existing telemetry systems such as the system described in [77] would 

have difficulty resolving small changes in the QT interval due to the measured 

rms error of at least 4 ms. Whereas in section 4.7.3 the measurement of QT 

interval is shown which had a range of 0.83 ms over a period of 3 seconds 

improving our ability to detect changes in this QT interval. 

The purpose of this chapter is to demonstrate a typical application of the 

measurement of an ECG parameter from a fully implanted telemeter. QT interval 

is calculated as a commonly measured parameter and a change in this interval in 

response to the pharmacogical intervention Isoproterenol will be demonstrated. 
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4.7.5.1. Materials and Methods 

Experimental protocol 

The data acquisition setup and telemeter implantation for this pharmacological 

intervention was as used in the in-vivo chronic validation of the telemeter. All 

procedures were approved by the Animal Ethics Committee of The University of 

Auckland (AEC #810). As handling will increase heartrate of the mouse, the 

effect of isoproterenol can be decoupled from the stress response by doing a 

separate intervention with saline. While it is expected that the heart rate 

increases with both stimuli, the response from isoproterenol should be sustained 

once the animal has returned to its home cage. 

 

Figure 92: The recording setup for powering and acquiring data from the implanted telemeter. 
The mouse cage is placed over the planar coil array. The resonant converter, RF receiver and 

general purpose port expanders for switching coils are shown to the left. 

Before stimulation, recording is started to capture at least 10 minutes of baseline 

data. During this period the target mouse and companion are in their cage in a 

room dedicated for monitoring mice. The room door is closed to prevent bias from 

human presence. For stimulation, the mouse cage is taken off the pad and placed 

onto a bench suitable for handling mice. The mouse with the implanted telemeter 

is removed from the cage and is given a subcutaneous injection containing saline. 

The mouse is immediately returned to the cage, the cage is placed onto the 
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powering pad and the monitoring door room is sealed. Recording is continued 

until the heart rate has returned to its original baseline. This protocol is repeated 

with Isoproterenol given at a dose of 10 µg/kg subcutaneously.  

4.7.5.2. Results 

After implantation, the mouse showed excellent recovery regaining weight within 

a week of surgery. Normal movement of the mouse was observed with no physical 

obstruction to free movement. On explantation, no necrosis was observed around 

the implant and the electrodes had successfully “grown” into the muscle layer for 

excellent electrical contact. 

Isoproterenol (10µg/kg S.C) and saline were separately given to demonstrate the 

ability to detect a change in the QT interval of the electrocardiogram from a 

freely moving mouse. The ECG signal could not be measured during the handling 

process as the mouse needed to be removed from the cage. Measurement began 

once the animal was returned to the cage immediately following the stimulus. 

Before the Isoproterenol was given the heart rate was 487 bpm and QT interval 

was 14.1 ms ± 0.88 ms. averaged over 1 sec, and before the saline control was 

given the heart rate was 507 bpm and QT interval was 15.6 ms ± 0.89 ms, again 

averaged over 1 second.  

The maximum increase in heart rate and QT interval averaged over 1 second 

after the mouse was returned to its cage was 293 bpm and 6.5 ms for 

Isoproterenol and 237 bpm and 2.6 ms for the saline control respectively. 

Following the saline control, the heart rate and QT interval returned to values 

preceding the stimulus after 5 min while following Isoproterenol heart rate and 

QT interval returned to values preceding the stimulus after 40 min. 
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A. B. 

  
 

Figure 93: QT Interval measured from the ECG of a conscious freely moving mouse. (A) In 
response to Isoproterenol (10ug/kg S.C) (B) In response to saline control. The dotted lines 

represent the time of injection. The gap in the signal is the period where the cage is not on the 
wireless power pad. 

4.7.5.3. Discussion 

A fully implantable telemetry system has been developed for the chronic 

measurement of electrocardiogram from a freely moving mouse. The system has 

been demonstrated to have the ability to detect changes in the signal morphology 

which are of particular interest to researchers. This is demonstrated by a 

pharmacological intervention, which requires the high bandwidth of our telemetry 

system to accurately detect the change in QT interval.  

The ability to detect small changes in QT interval is important in chronic studies 

as it may take several weeks of cardiac toxicity to observe statistically significant 

changes from the basal ECG signal [1]. A change in the QT interval has been 

demonstrated from a conscious and freely moving mouse with a pharmacological 

intervention and to a lesser degree with the saline control. The change shown in 

response to the saline control can be attributed to the stress response and is 

exhibited during handling. Systems such as that presented in [77] may have 

difficultly resolving these small changes in the QT interval, due to the variability 

of their measurements which is limited by the bandwidth (1-200 Hz) of the 

telemetry system. The system presented in this chapter has a bandwidth of 1.6-

929 Hz for an improved detection limit on changes in the QT interval. 
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4.8. Conclusion 

The outcome of this chapter is the design of a telemeter suitable for implantation 

in a mouse. Improvements to the state of the art include improved bandwidth of 

the ECG measurements which allows for the acquisition of the higher frequency 

components in the ECG signal and the improved resolution of ECG parameter 

measurements. It was demonstrated that the ability to chronically measure ECG 

from the telemetry system is not limited by the operational lifetime of the 

telemeter but the length of the experimental protocol and potentially the lifetime 

of the mouse. 
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Chapter 5. Conclusion 

The aim of this PhD research is to improve the current state of the art for 

wireless implantable microdevices suitable for chronic monitoring of in-vivo 

physiological signals. Two signals; the chronic measurement of oxygen 

concentration from a freely moving rat and the high frequency electrocardiogram 

measurement from a freely moving mouse, were identified as signals of particular 

interest to end users which are not available or difficult to acquire with the 

current state of the art telemetry. This thesis described the development of the 

systems to capture these signals while maintaining the following performance 

characteristics: 

• The minimization of the size of the telemeter suitable for implantation in 

rats and mice respectively 

• Providing a measurement bandwidth suitable for capturing the high 

frequency content of the measured signal 

• Continuous operation of the telemeter 

• Chronic measurement to provide lifetime recordings 

These characteristics required overcoming challenges inherent in implantable 

telemetry for powering high performance devices. This was enabled through the 

use of inductive power transfer minimising the implant size whilst enabling 

continuous, chronic measurement of high bandwidth signals.  

Chapter 1 provided an overview of the current state of the art implantable 

telemetry systems for small rodents. The high bandwidth electrocardiogram 

measurement from a freely moving mouse was identified as an important signal 
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with significant application in physiology and pharmacology research. The 

barriers to providing high bandwidth ECG data relate to power and size. The 

measurement of in-vivo tissue oxygen concentration from a freely moving rat was 

also shown as an important parameter in a range of physiology and pharmacology 

studies. The background of oxygen concentration measurements from an 

electrochemical sensor was given, and a potential method of measurement that 

satisfied the size and duration of use needs for use in rats was described.  

Chapter 2 described the design and evaluation of the fully implantable telemetry 

system for continuous and chronic measurement of in-vivo oxygen concentration 

from a freely moving rat. This involved developing a potentiostat compatible with 

carbon paste electrodes for integration with an existing telemetry system utilizing 

inductive power transfer. Combining these technologies provides the measurement 

of oxygen concentration from carbon paste electrodes exhibiting long term 

stability, with the high performance characteristics of an inductively powered 

telemetry system to enable continuous and chronic measurements. The ability of 

the potentiostat to measure the resulting current and maintain the applied 

potential was evaluated through LTSpice simulation, bench measurements and 

ultimately the in-vivo measurement of oxygen concentration. The prototype 

telemetry system for measuring oxygen concentration was compared against a 

‘gold standard’ Clark type oxygen electrode in rat kidneys while simultaneously 

varying the inspired oxygen concentration of the animal. There was no significant 

bias detected between the methods of measurement, validating the ability of the 

telemetry system to measure oxygen concentration from the miniaturized 

potentiostat. 

Chapter 3 described one potential application for the oxygen concentration 

telemeter. The content of this chapter is the basis of a paper published in the 

Journal of Neuroscience Methods. The experimental protocol involved implanting 

the telemeter body in the abdomen of a rat. The leads from the telemeter were 

tunnelled subcutaneously to the head where the electrodes were implanted into 

brain tissue. This enabled the ability to monitor brain tissue oxygen 

concentration from a freely moving rat. The chronic measurement of basal oxygen 

concentration in brain tissue was presented over a period of 22 days and no drift 
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from the baseline level was observed. This illustrated the chronic in-vivo stability 

of carbon paste electrodes, and the ability of the telemetry system to withstand 

in-vivo stresses on the physical encapsulation, and provide continuous and chronic 

acquisition of the signal. The ability of the telemetry system to detect a change in 

oxygen concentration from periods of hypoxia and hyperoxia in the brain was also 

demonstrated. A typical example of an application where the oxygen 

concentration in the brain is chronically measured in response to repeated 

pharmacological interventions known to increase oxygen concentration over a 

period of 6 weeks was demonstrated and was consistent with existing tethered 

based solutions. 

Chapter 4 described the design of a telemeter for continuous and chronic 

measurement of electrocardiogram suitable for implantation in a mouse. This 

involved the mixed signal design of a circuit integrating a biopotential amplifier 

with a digital RF communication system and a novel form of inductive power 

transfer. Firmware for the telemetry system was developed to enable a 2 kHz 

sampling rate of the electrocardiogram, and a novel control scheme was 

implemented to enable the omnidirectional powering of the telemeter without the 

need for an implanted battery. This matched the required design characteristics 

by minimizing the bulk of the telemeter whilst enabling high bandwidth 

continuous and chronic measurement of electrocardiogram from a fully implanted 

telemeter. The system was initially evaluated through LTSpice simulation and 

bench testing. The ultimate validation was performed by implanting the telemeter 

in a mouse where the electrocardiogram signal was acquired while the animal was 

freely moving around its cage. Near-continuous acquisition was achieved and 

measurements for over 7 weeks were recorded surmounting the restriction that 

existing commercially available telemetry systems have on limited operational life 

and limited bandwidth. ECG parameters such as QT interval could be captured 

with greater temporal resolution than existing state of the art. This was 

demonstrated in a freely moving mouse, where a small change in the QT interval 

was induced with a pharmacological intervention and was detected successfully by 

the telemetry system.  
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5.1. Contributions 

Contributions resulting from this PhD research, described in this 

thesis: 

• Design of a potentiostat for maintaining a potential of -650 mV on a 

carbon paste electrode, while measuring the resulting current from 0 nA to 

1250 nA. The potentiostat cross-sectional area measured 4 mm x 7 mm 

and was integrated with a telemetry system platform without increasing 

the telemeter body size compared to blood pressure and electrocardiogram 

telemeters  

• The performance of the telemetry system for measuring oxygen 

concentration was evaluated to meet the requirements in terms of the 

required resolution (<10 nA) and the ability to capture the physiological 

range of oxygen concentration (0 µM to 240 µM). 

• Conducted an experiment to compare the method of measurement of 

oxygen concentration measurement in rat kidney tissue between the 

telemetry system with attach carbon paste electrodes and a Clark–type 

electrode. The outcome of this experiment showed no significant 

proportional or fixed bias between the two methods of measurement. 

• Utilizing the telemetry system for oxygen concentration measurements, 

demonstrated the ability to detect a change in oxygen concentration in 

brain tissue of a freely moving rat. This was shown in response to hypoxia 

and hyperoxia by varying the inspired oxygen concentration. Varying the 

inspired oxygen concentration to 100 % resulted in a 34 % ± 3 % (n=4, 

p<0.001) increase and 10 % produced a 51 % ± 2 % (n=4, p<0.002) 

decrease in measured oxygen concentration. 

• A typical example of a pharmacology study, where the oxygen 

concentration in the striatum is measured in response to a pharmacological 

intervention was demonstrated. Acetazolamide was used to increase the 

oxygen concentration in the brain which resulted in a mean increase of 

27 % ± 2 % in the measured oxygen concentration from baseline over 

three administrations.  
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• The continuous and chronic measurement of oxygen was demonstrated by 

measuring the oxygen concentration in the striatum of a freely moving rat 

from the fully implanted telemeter over a period of 22 days. 

• A fully implanted telemeter was developed for measuring 

electrocardiogram in a freely moving mouse, to meet the performance 

characteristics of high bandwidth signal acquisition (1-929 Hz), continuous, 

chronic measurement (lifetime) and of a size suitable for full implantation 

(3.0 g).  

• A novel control scheme was developed to enable the omnidirectional 

powering of a fully implanted telemeter from inductive power transfer 

utilizing a planar array of primary coils.  

• The telemetry system for electrocardiogram measurement for mice was 

demonstrated in an anesthetised mouse which showed a detection limit of 

4.79 µV, suitable to capture small features of the ECG waveform such as 

the P-wave. ECG parameters such as the QT-interval were shown to be 

limited by the telemetry system bandwidth. This resulted in an improved 

resolution of temporal measurements which is greater than what is 

available with the current state of the art mouse telemetry.  

• The ability to detect a change in the QT interval of the ECG waveform of 

a freely moving mouse in response to a pharmacological intervention was 

demonstrated. Isoproterenol was used to increase the mouse heart rate 

which resulted in a decrease in the QT interval of 6.5 ms compared to 

2.6 ms for a saline control. Existing telemetry systems have insufficient 

bandwidth to significantly detect such a small change in the QT interval. 

• The telemetry system was fully implanted in a mouse and the chronic 

measurement of electrocardiogram was measured over a period of 7 weeks. 

It was demonstrated that the ability to chronically measure ECG from the 

telemetry system is not limited by the operational lifetime of the telemeter 

but the length of the experimental protocol and potentially the lifetime of 

the mouse.  

• The ability to continuously power the implanted telemeter was 

demonstrated in a freely moving mouse. The control scheme was shown to 
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successfully change between coils to enable continuous operation while the 

mouse was moving across the cage. Therefore the implanted telemeter 

could be powered continuously regardless of direction and location over the 

animal’s cage. 

• The ECG signal was demonstrated in a freely moving mouse during a 

period of accelerated heart rate to have significant frequency content up to 

400 Hz. The improved bandwidth of the telemetry system described in this 

thesis enables the acquisition of the high frequency content of the ECG 

signal. Existing telemetry systems are bandlimited to 200 Hz resulting in a 

low pass filtering effect of this high frequency content reducing the ability 

to extract important parameters from the ECG waveform. 

Other important contributions resulting from the outcomes of this 

PhD project 

• Telemetry Research Limited have released a telemetry product (TR57Y) 

for the measurement of oxygen concentration based on the development 

and validation of the telemetry system performed in this thesis.  

• Telemetry Research Limited have adapted the mouse telemeter developed 

in this PhD research to measure pressure using a solid state pressure 

sensor (Millar Instruments). The continuous and chronic measurement of 

blood pressure from a freely moving mouse has been demonstrated.  

• Ellyce Stehlin a PhD Student at the Auckland Bioengineering Institute, is 

adapting the mouse telemeter developed in this thesis for use as an 

intracranial pressure monitor in human applications of hydrocephalus.  
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5.3. Future work 

This PhD research has led to the development of a fully implantable telemetry 

systems for oxygen concentration measurements in rats and high bandwidth 

electrocardiogram measurements in mice. These outcomes have also led to other 

exciting possible research pathways in the fields of biomedical engineering and 

medical science.  

Telemetry system for chronic measurement of oxygen concentration 

This thesis presented two examples, the measurement of oxygen in brain tissue 

and kidney tissue. A design constraint of the telemetry system was that oxygen 

concentration could be measured independent upon location. Therefore, this 

telemetry system could potentially be used for the measurement of oxygen 

concentration in a range of other tissues. Research with the telemetry platform 

for oxygen measurement in rats is ongoing, in particular: 

• The National University of Ireland, Maynooth is utilizing the telemetry 

system for behavioural neuroscience applications measuring oxygen 

concentration in specific brain regions during behavioural tests. 

• Monash University (Melbourne, Australia), University of Auckland (New 

Zealand) and University Medical Centre Utrecht (Netherlands) are using 

this system for the measurement of kidney oxygenation in models of 

chronic kidney disease. 

Another potential future direction is the extension of the potentiostat as a more 

generalised electrochemical tool. In this thesis the potentiostat was designed 

specifically for use with carbon paste electrodes, while additional functionality 

outside of this scope could be added such as:  

• Compatibility with other electrodes, for example glucose electrodes. A 

telemetry system for the measurement of glucose concentration would find 

important use in clinical human applications and medical science research 

studies.  
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• Ability to measure from two carbon paste electrodes. This would enable 

differential and multiple oxygen measurements to be acquired 

simultaneously.  

• The integration of the potentiostat with other sensors. For example, 

oxygen concentration measurement could be coupled with measurement 

from a biopotential amplifier for electrocardiogram measurement or a solid 

state pressure sensor for pressure measurements.  

Telemetry system for chronic measurement of electrocardiogram in 

mice 

The mouse telemeter developed in this PhD research is being extended for use in 

other exciting areas, for example to measure blood pressure or intracranial 

pressure from a solid state pressure sensor (Millar Instruments). ECG 

measurements in larger rodents such as rats are often coupled with other signals 

of particular interest. For example, ECG is often coupled with pressure, or other 

biopotential measurements such as EMG or EEG. Future work for this mouse 

telemetry system could include additional analog circuitry for other channels of 

measurement.  

Other future work for the mouse telemeter is the improvement of the planar coil 

arrangement for wireless power transfer; this would potentially increase the size of 

the powered volume, improving the ability to continuously power the telemeter in 

hard to reach areas such as at the top of the cage. An improved control scheme 

for switching the coils could be implemented utilizing a higher performance 

microcontroller to enable “smart coil changing”, such as using search algorithms 

to find the next coil. This could be employed to decide which coil to change to 

taking into account common movement paths of the mouse and the physical 

location of the coils. This could potentially decrease the worst case time to find 

the next coil and therefore the size of the tantalum capacitor could be reduced, 

reducing the size of the telemeter. 

The telemetry system for electrocardiogram measurement presented in this thesis 

was of an acceptable size for implantation in a mouse. This was realised utilizing 



 

171 

rapid prototyping and cost effective manufacturing techniques. Future work could 

reduce the size of the implant further by employing other manufacturing 

techniques such as the development of an application specific integrated circuit or 

utilizing thinner, flexible PCBs. 
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Appendix A: Electrode attaching technique 

This appendix describes the procedure developed in Chapter 2 to connect the 

electrodes to the telemetry system for chronic in-vivo measurement of oxygen 

concentration. The method outlined here was developed with the design 

specifications described in Chapter 2 and the recommended guidelines set out by 

the manufacturers of the corresponding materials used. To allow for proper 

curing, this process should be started at least 3 days before surgery. 

Required Materials 

Product name Supplier Manufacturer product 

number 

Silver conductive epoxy Mouser Electronics 8331-14G 

Generic 2-part epoxy (Araldite)   

FluoroEtch Safety Solvent Acton Technologies, Inc.  

Water (Distilled)   

Acetic acid (~3%)   

Isopropyl Alcohol (IPA)   

Silver Insulated wire Advent Research Materials AG549512 

Carbon paste electrode Blue Box Sensors  

Table 10: Materials required to connect the electrodes with the telemeter leads. 

The following outlines recommended tools required for preparing the leads and 

electrodes and attaching and sealing the connector. 

• Oven, heating pad or water bath capable of heating and maintaining a 

temperature of 70oC 

• Cutting tool (fine wire snips or equivalent) 

• Fine forceps 

• Fine nose pliers 

• Scalpel 
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Electrode preparation 

The reference, auxiliary and carbon paste electrodes need to be prepared before 

they are attached to the leads. The electrodes will be etched to provide a surface 

which can be easily bonded to for sealing.  

1. FluoroEtch solution preparation. Over time the active ingredient 

dissociates (which can be identified by a rough sound when the bottle is 

shaken). The sealed bottle is placed in to a water bath and heated to 60oC, 

periodically shaking the bottle. This will cause the active ingredients to be 

dissolved into the solution. 

2. 50 mL of FluoroEtch is placed into a glass jar, a nitrogen cloud is created 

above the solution and the jar is sealed. Air deactivates the solution, so the 

time it is exposed to air is minimised. 

3. The FluoroEtch jar (sealed) is placed into a water bath and heated to 60-

70oC. 50 mL of distilled water and 50 mL of acetic acid are also heated to 

60-70oC. 

4. The electrodes are etched with the following procedure: 

 

Figure 94: FluoroEtch solution in water bath heated to 70oC. 

a. ETCH: 1 cm from the end all of the electrodes is immersed for 30-

60 seconds, and then are drained for several seconds . 

b. WASH: The electrodes are not allowed to dry before rinsing. They 

are washed in the following order: 

i. Alcohol (isopropyl or methyl) for 5-20 seconds 

ii. Clear, hot (70oC) distilled water for 15-30 seconds 
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iii. Hot (70oC) mildly acidic (2%-5%) water for 1 minute. pH 4-

6.  

The electrodes are air dried or oven dried at 70-80oC 

c. Once dry, 2 mm of etched PTFE is removed by rolling the electrode 

under a scalpel without cutting the silver wire. This is performed for 

each of the electrodes. The result is shown below: 

 

 

Figure 95: A silver wire with an etched PTFE coating, 2 mm of silver wire is exposed. 

 

5. The etched PTFE coating is a slightly brown colour. This indicates that 

the surface has been etched to allow better adhesion to the surface. This is 

the end of the electrode that is connected to the telemeter lead. 
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Lead preparation 

The ends of the leads which exit the telemeter body are prepared for attachment 

to the electrodes. 

 

Figure 96: Coiled stainless steel wire inside polyurethane tube cut flush. 

 

1. The leads are cut flush so each tube and coiled wire is the same length.  
 

 

Figure 97: A polyurethane tube with the stainless steel wire stretched for attaching to the silver 
wires of the electrodes. 

 

2. The tubing and wire is held with a pair of long nose pliers, and care is 

taken to prevent crushing the wire or piercing the tubing. Using forceps, 

the coiled wire is extended about 1 cm past the end of the tube. This 

stretches out the coiled wire which will increase the surface area of the 

conductive epoxy to adhere to. 

3. The coiled wire is then trimmed to provide 2 mm of the stretched wire 

(Figure 97). 
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Attaching the electrode 

The electrodes are then attached to the leads creating a conducting bond between 

the wires. 

 

Figure 98: The interface between the coiled stainless steel wire and the silver wire of the 
electrodes before attaching. 

 

1. The etched electrodes are inserted into their respective coiled wire so that 

2 mm of the electrode is inside the coil of the lead (see photo).  

2. The silver conductive epoxy is mixed with a 1:1 ratio. The working time of 

this product is 10 minutes. After 10 minutes the epoxy will be too thick to 

easily apply between the coils of the wire. 

3. A needle is used to apply the silver epoxy to each join. Excess is used 

initially to ensure adequate coverage of the epoxy between the conductive 

surfaces.  
 

 

Figure 99: The silver epoxy join between the coiled stainless steel wire and the silver wire of the 
electrodes. 

 

4. The excess epoxy is then removed, with a needle, to ensure that the silver 

join fits inside the polyurethane tubing.  

5. The join is then left for 12 hours to allow for setting. 
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Figure 100: The conductive epoxy join placed inside the polyurethane tubing ready for sealing. 

 

6. Once set, the polyurethane tubing is pulled over the joint.  
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Sealing the connection 

The connection between the electrodes and the leads are then sealed to prevent 

the leakage of liquid causing a background current measurement. 

1. A small amount of the 2-part epoxy (Araldite) is mixed in a 1:1 ratio.  

 

 

Figure 101: Sealing the join between the polyurethane tubing and the PTFE coating on the silver 
wire. 

 

2. The epoxy is applied to the connection so that all sides of the electrode 

and the tubing is covered.  
 

 

Figure 102: A carbon paste electrode attached to the working electrode lead of the telemeter. 

 

3. The connection is left for 12 hours for setting. The connections are 

examined under the microscope and additional coats of epoxy are applied 

if necessary.  

4. Once the epoxy is dry, the ends of the reference electrode and the auxiliary 

electrode can be prepared for implantation. The configuration of the 
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electrodes is dependent on the application, several electrode configurations 

are suggested: 

Kidney implantation: 

• Auxiliary: A total wire length of 10 cm, PTFE is removed to expose 5-7cm 

of silver wire. The exposed silver is coiled. 

• Reference: A total wire length of 5 cm. PTFE is removed to expose 5 mm 

of silver wire 

 

Figure 103: An example of electrode configuration for use in measuring oxygen concentration in 
kidney tissue. 

Brain implantation: 

• Auxiliary: A total wire length of 4 cm, PTFE is removed to expose 1 cm of 

silver wire. During surgery, this 1 cm is wrapped around a stainless steel 

screw on the skull. 

• Reference: A total wire length of 5 cm. PTFE is removed to expose 1 mm 

of silver wire 

 

 

Figure 104: An example of electrode configuration for use in measuring oxygen concentration in 
brain tissue. 
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