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Abstract
(1) Summarize revisions made to the implantable resonator (IR) design and results 
of testing to characterize biocompatibility; (2) Demonstrate safety of implantation 
and feasibility of deep tissue oxygenation measurement using electron paramagnetic 
resonance (EPR) oximetry. In vitro testing of the revised IR and in vivo implantation 
in rabbit brain and leg tissues. Revised IRs were fabricated with 1–4 OxyChips with 
a thin wire encapsulated with two biocompatible coatings. Biocompatibility and 
chemical characterization tests were performed. Rabbits were implanted with either 
an IR with 2 oxygen sensors or a biocompatible-control sample in both the brain 
and hind leg. The rabbits were implanted with IRs using a catheter-based, minimally 
invasive surgical procedure. EPR oximetry was performed for rabbits with IRs. 
Cohorts of rabbits were euthanized and tissues were obtained at 1 week, 3 months, 
and 9 months after implantation and examined for tissue reaction. Biocompatibil-
ity and toxicity testing of the revised IRs demonstrated no abnormal reactions. EPR 
oximetry from brain and leg tissues were successfully executed. Blood work and his-
topathological evaluations showed no significant difference between the IR and con-
trol groups. IRs were functional for up to 9 months after implantation and provided 
deep tissue oxygen measurements using EPR oximetry. Tissues surrounding the IRs 
showed no more tissue reaction than tissues surrounding the control samples. This 
pre-clinical study demonstrates that the IRs can be safely implanted in brain and 
leg tissues and that repeated, non-invasive, deep-tissue oxygen measurements can be 
obtained using in vivo EPR oximetry.
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1 Introduction

Tumor hypoxia is known to impart resistance to radiation therapy and chemo-
therapy [1–4] and to portend poorer prognoses and outcomes regardless of treat-
ment modality as a result of hypoxic cells having accelerated malignant progres-
sion and increased metastatic potential [5–9]. Various methods have been used 
to determine oxygen status in solid tumors in attempts to investigate and develop 
hypoxia-modifying approaches to target hypoxic cells to improve treatment effi-
cacy [10–13]. 18-F Fluoro-misonidazole positron emission tomography (FMISO 
PET), blood/tumor oxygen level dependent magnetic resonance imaging (BOLD/
TOLD MRI), and dynamic contrast enhancing (DCE) MRI are non-invasive 
imaging modalities which have been used both preclinically and clinically to 
provide information about tumor oxygen before and during treatments [14–17]. 
Eppendorf oxygen-sensitive electrodes have been used clinically to provide an 
assessment of oxygen levels; however, this technology is invasive and no longer 
available [5, 18–20].

In vivo electron paramagnetic resonance (EPR) oximetry utilizing a variety of 
oxygen probes (e.g. India ink, carbon char, lithium phthalocyanine, OxyChip, and 
implantable resonator) has been shown in animal and preclinical studies [21–25] 
as well as human clinical trials [26–28] to be a valuable tool to assess tumor 
and tissue oxygenation repeatably and reliably. The first-in-human clinical trial 
with 24 patients showed that EPR oximetry with the paramagnetic oxygen probe, 
OxyChip, was safe and feasible [27]. The OxyChip is composed of lithium octa-
n-butoxynaphthalocyanine (LiNc-BuO) crystals embedded in polydimethylsilox-
ane (PDMS) [29–31]. This trial highlighted a number of potential improvements 
to EPR oximetry to make this technology more versatile and useful to most, if 
not all, solid tumors. However, with the technologies used, specifically Oxy-
Chip probes detected using surface-loop resonators at L-band (1.15  GHz), lim-
ited radiofrequency (RF) penetration prevents detection of the signal from probes 
implanted at a depth of more than a centimeter or two from the skin [32]. Efforts 
to extend the range of depth in tissues accessible for in vivo EPR measurements 
have included exploration of the use of lower frequencies with greater RF pen-
etration [33–35], improvements in detection sensitivity via pulsed acquisition 
[36–38], and the design of novel resonator detector systems [39, 40].

Over the last 30  years, implantable resonator (IR) systems have been devel-
oped that enable EPR measurements to be performed with paramagnetic probes 
located in tissues at depths of at least 20 cm [41–49]. Initially developed for use 
in animals, the implantable resonators have been revised and improved, and are 
approaching readiness for use in human subjects. The studies described in this 
manuscript are intended to support clinical translation and regulatory approval to 
enable their use in human subjects. The implantable resonator systems are com-
prised of an EPR spectrometer with external surface loop resonator [39] that is 
inductively coupled to an implanted structure containing conductive wire and 
oximetric paramagnetic material. For simplicity, the implanted structure will be 
referred to as the implantable resonator. The wire is formed into a coupling loop 
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and one or more small sensor loops containing paramagnetic material that are all 
connected via sections of twisted pair transmission lines (Figs.  1, 2). A single 
wire is used to form the conductive structure of the IR, with the ends meeting 
and left disconnected at the edge of the coupling loop. With this design, when 

Fig. 1  Drawing of the IR for human use, showing the names of the features. Note: the coupling loop, 
when implanted, will be placed below the skin with the flexible transmission line and sensors at an angle 
to the skin surface (not linear as displayed)

Fig. 2  Photographs of two 
different length IRs. (Top) An 
IR with a 50-mm transmission 
line and 4 sensors. (Bottom) An 
IR with an 18-mm transmission 
line and 2 sensors
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coupled with the external surface loop resonator, the resonance frequency of 
the system is dominated and determined by the external resonator. This strategy 
allows implanted structures of varying lengths to be coupled with the same exter-
nal loop resonator tuned to 1.15 GHz and used at the fixed magnetic field strength 
of our clinical electromagnet (410 G). The implanted coupling loop remains close 
to the surface and the sensor loops are positioned within the tissue of interest. 
The RF energy for EPR detection is inductively injected into the IR and propa-
gated directly via the transmission line sections to the paramagnetic sensors with-
out losses associated with travel through lossy tissue.

Prior developments of the IR system reported by Caston et al. [42] helped to advance 
its translation into clinical practice through the incorporation of biocompatible MP35N 
wire (California Fine Wire Products Corp., Grover Beach, CA), PDMS coating materi-
als, and LiNc-BuO as the oxygen-sensing probe. For IR fabrication, LiNc-BuO crystals 
were synthesized, crushed, and placed in a PDMS polymer via the methods described 
in [29–31]. As detailed in the supplementary IR manufacturing steps, the uncured 
LiNc-BuO/PDMS is inserted into each individual sensing loop using a dispensing nee-
dle in such a manner that fully encapsulates each sensing loop and is then cured. The 
sensing loop, containing LiNc-BuO, is nominally 0.7 mm in diameter; however, the 
size of the sensing loops can vary due to the nature of our current manufacturing meth-
ods. After the observation of an unacceptably high frequency of breakage when copper 
was used, MP35N wire was chosen for subsequent use, due to its high tensile strength, 
established biocompatibility, and more than adequate signal-to-noise ratio (SNR) under 
practical conditions (see Fig. 6). Consideration of manufacturing details and procedures 
for use, as well as requirements for formal biocompatibility and safety were described 
previously [42]. Formal MRI safety testing was performed according to American 
Society for Testing and Materials (ASTM) standards to evaluate displacement forces, 
torque, artifact generation, and heating. It was determined that the IR is ‘MRI Condi-
tional’, and that a patient with this device can safely be scanned in an MR system with 
static field of 1.5 T or 3 T, maximum spatial gradient of 40.0 T/m, and maximum MR 
system reported specific absorption rate (SAR) of 2 W/kg. Initial results of tests with 
the implantable resonator system in animal models revealed needs for modifications to 
enhance mechanical robustness, to facilitate the implantation procedure, to reduce tis-
sue adherence to the resonator surface, to ensure more reliable containment of the para-
magnetic material, and to standardize the fabrication process. In this paper, we describe 
the refinements to the implantable resonator design, the results of the biocompatibil-
ity testing, and the preclinical study in which the refined implantable resonators were 
placed in the brain and leg of rabbits and oxygen measurements by EPR were made.

2  Materials and Methods

2.1  Implantable Resonator Design Revisions

A design variant of the implantable resonator with a very thin outer polytetra-
fluoroethylene (PTFE) layer surrounding the transmission line and sensor loops 
was developed to secure the OxyChip probes from dislodgement and to minimize 
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tissue adherence. This layer was formed of PTFE tubing (PTFE Sub-Lite-wall tub-
ing (Extruded) with an inside diameter of 1.02 mm (0.0400 inch) and wall thickness 
of 0.038  mm (0.0015  inch) (Zeus Medical, Orangeburg, SC). This design refine-
ment provides increased mechanical strength and a smoother, less tacky surface for 
implantation via a catheter and subsequent removal from the tissue. Despite this 
minimal thickness of the PTFE, there was concern that it might transmit oxygen 
longitudinally and thereby affect the ability of neighboring sensors to independently 
equilibrate with the surrounding tissue. Measurements were performed using a 
custom-built equilibration chamber, similar to that used in [42], where neighboring 
sensors could be exposed to different  pO2 levels and the independence of their read-
outs could be assessed. It was observed that the sensors, separated by 7 mm, did 
respond independently from each other, with a response time for equilibration to 
their environments of approximately t1/2 = 90 s. This study supported the utility of 
the revised IR design for multi-site  pO2 measurements and enabled the minimally 
invasive implantation procedure described below. An additional modification to the 
implantable resonator was the placement of a permanent PTFE washer in the cou-
pling loop to keep its circular shape and to provide a more readily palpable feature 
of the implantable resonator to help with localization during measurements.

The implantable resonator was initially designed to be deployed via passage 
through a narrow gauge needle (ca. 18G) that was inserted into the tissue with its 
tip in the tissue of interest [42], similar in practice to the implantation of brachy-
therapy seeds for radiation therapy and the implantation procedure for the OxyChip 
[27]. Following insertion of the needle, the implantable resonator would be placed 
in lumen of the needle, and the needle would then be removed leaving the resona-
tor in place with the sensor loops in the tissue of interest. Following removal of the 
needle, the collapsed coupling loop would then need to be reshaped to the original 
form and stabilized with a circular PTFE disc insert. While this approach was fea-
sible, it proved to be challenging due to tackiness of the surfaces of the implantable 
resonator and the need to reform the shape of the coupling loop. A commercial peel-
away catheter (Adelante SafeSheath UltraLite, Oscor #ASUP051318P) was identi-
fied to replace the needle for targeted introduction of the resonator into the tissue of 
interest. The peel-away catheter is split into two pieces during its removal from the 
tissue, alleviating the need for passage of the coupling loop through the lumen, and 
thus allowing the whole implantable resonator to be performed and hold its shape 
throughout the deployment process (Fig. 3). Figure 1 and illustrate the finalized IR 
design for human use. The length of the transmission line and number of sensors 
can be adjusted, but the fabrication steps as detailed in supplemental materials are 
otherwise identical.

2.2  Biocompatibility Testing

The biocompatibility of the implantable resonator was formally evaluated in a 
series of tests carried out according to ISO 10993 guidelines via contract with an 
external GLP-accredited laboratory (Pacific Biolabs, Hercules, CA). The testing 
included Cytotoxicity (ISO 10993–5), Sensitization (ISO 10993–10), Reactivity 



1326 E. Y. Chen et al.

1 3

(ISO 10993–10), Endotoxin (USP < 85>), and Pyrogenicity (ISO 10993–11). For 
chemical characterization, liquid and gas chromatography‐mass spectrometry (LC/
GC–MS) for organic extracts, inductively coupled plasma‐mass spectrometry (ICP‐
MS) for inorganics and heavy metals extracts, and Fourier transform infrared spec-
troscopy (FTIR) were performed.

2.3  Rabbit Implantation Study

All procedure were reviewed and approved by the institutional animal care and use 
committee (IACUC). Twenty-four New Zealand white rabbits (Charles River Labo-
ratories, Wilmington, MA), 2–4  kg, 22–24 weeks, arrived in three separate ship-
ments for three cohorts (1 week, 3 months and 9 months, each 8 rabbits). All ani-
mals appeared clinically healthy on arrival. They were housed following standard 
procedures.

2.4  Implantation of IRs into Brain and Hind Leg Soft Tissue

The procedure for implantation of an IR was similar to that for other implanted EPR 
oximetry probes [23], but a peel-away catheter was introduced to facilitate implanta-
tion of the coupling loop of the IR that did not fit through the bore of a conventional 
needle or catheter. IRs were fabricated as described in the supplement and sterilized 
via steam sterilization in the autoclave at gravity cycle (at 121 °C and 15 PSIG for 
30 min). The procedure used for this rabbit study was similar to that envisioned for 
clinical use.

Rabbits were sedated in the veterinary operating room, anesthetized with 3% iso-
flurane in 30%  O2 and maintained using 2.5% isoflurane with 30%  O2. Lidocaine 
was applied at the surgical site. Analgesia (Ketoprofen 3 mg/kg and Buprenorphine 
0.02–0.05 mg/kg) were administered immediately before and again within the first 
48  h after implantation surgery. Blood was collected for complete blood count 

Fig. 3  IR implantation using a 
peel-away catheter
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(CBC) and a comprehensive metabolic profile (CMP). Physiological parameters 
(respiratory rate, behavior, body condition score and body weight) were monitored 
periodically and recorded.

For the implantation of IRs into the brain tissue, the head was shaved, cleaned and 
antiseptically treated with Betadine, and then 70% alcohol scrubs for three times. A 
small incision (2–3 cm) was made on the skin. After careful separation of the con-
nective tissue and exposure of the skull, a 2–5 mm craniotomy was made with a drill 
on the right skull at predefined co-ordinates [AP (anterior–posterior from bregma): 
−  3.5  mm; ML (medial-right lateral from midline): 4  mm on right hemisphere]. 
These co-ordinates were based on the published reports and our experiences in pre-
vious studies [22, 50]. The dura was gently opened with a 14–18G needle. For each 
rabbit, we used an 8 mm length IR with two sensory probes (similar to Fig. 2) and 
the coupling loop connected together with transmission line in a single unit that can 
be lowered to the target area of the brain at once without the need to use angiocath-
eters to guide insertion of the IR. Figure 2 shows the IR as used for these rabbit stud-
ies with two sensory loops. The coupling loop of the IR was placed over the skull. 
Figure 4 shows the location of the sensor loops in the brain and the coupling loop 
on the surface of the skull (under the skin). The incision on the skin was closed with 
non-absorbable 3–0 nylon suture. For the control group of animals, a rod of biocom-
patible material (high-density polyethylene-(HDPE)) of similar dimensions and flex-
ibility as the IR was inserted in a manner similar to that described for the IR above.

For implantation of the IR into the leg, the procedure envisioned for clinical 
use with peel-away catheter was used. The right hind leg was shaved, cleaned 
and scrubbed with Betadine and 70% alcohol alternating three times. IRs with 
two sensor loops were used, identical to those used in the brain. A small incision 

Fig. 4  Anatomy of the rabbit brain showing the location of sensory loop, transmission line and coupling 
loop of IR in the brain
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(1–2 cm) was made on the skin and a small subcutaneous pocket was created to 
later place the coupling loop. An 18G brachytherapy needle was inserted through 
the incision into the hind leg soft tissue aiming for the biceps femoris or vas-
tus lateralis muscle. The brachytherapy stylet was removed. A sterile guide wire 
was inserted through the needle and the needle was removed leaving the wire 
in place. Next the peel away catheter with introducer was passed over the wire 
and tunneled into the soft tissue. Once the peel away catheter/introducer was 
inserted at the appropriate depth, the sterile wire and introducer were removed 
with the peelaway catheter left in place. The IR was then passed through the 
catheter to the desired depth and the peel-away catheter was removed leaving the 
IR in place in the soft tissue (Fig. 3). The coupling loop was buried under the 
skin and secured with a single simple absorbable suture at its junction with the 
transmission line. The incision on the skin was closed with absorbable suture. 
For the control group of animals, a rod of biocompatible material (high-density 
polyethylene-HDPE) of similar dimensions as the IR was inserted in the right 
hind leg in a manner similar to that described for the IR above. The rabbits were 
observed every 2 h during the first 6 h after the implantation, followed by daily 
observation for first week, and then weekly observation for the remainder of the 
study.

2.5  EPR Oxygen Measurements

All oximetry measurements were performed using a clinical EPR spectrometer 
with an external surface-loop resonator operating at L-Band (1.15  GHz) [51]. 
An electromagnet with 3D gradients for spatial localization of signals from IRs 
with multiple sensor loops was used. Prior to implantation, measurements under 
 N2 conditions were performed for all IRs to verify basic functionality. Oxygen 
calibration was performed for a representative set of resonators (N = 4).

For repeated measurements of  pO2 in the EPR lab (excluding the day of 
surgery), the rabbits were placed in an induction box, 2.0–2.5% isoflurane in 
30%  O2 was perfused for 15–20 min, and then the isoflurane was increased to 
2.5–3.5% for another 10–15  min to completely anesthetize the rabbits. During 
anesthesia, the rectal temperature of the rabbits was monitored using a rec-
tal probe and maintained within a normal range (38.3–39.4  °C) using a warm 
water pad and/or warm air. Blood oxygen saturation  (SpaO2) and heart rate were 
also monitored using a pulse oximeter clamped to the ear or toe. The rabbits 
were transferred to the EPR spectrometer on a plate fitted with a nose cone and 
2.5–3.0% isoflurane was continued. The rabbits were placed between the magnet 
poles of the EPR spectrometer and an external surface loop resonator was gently 
placed on the head or leg, in close proximity to the implanted coupling loop, and 
 pO2 measurements were performed. The animals with IRs underwent measure-
ments of oxygen performed 2 or 3 times each during the course of the experi-
mental protocol. Following explantation of the implanted resonators, oxygen 
calibration was performed for comparison with pre-implantation measurements.
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2.6  Euthanasia and Gross Pathology

Animals to be euthanized were anesthetized with isoflurane. A blood sample for 
CBC and biochemical analysis was obtained from an ear vein prior to administra-
tion of heparin to improve perfusion. Following euthanasia (pentobarbital given IV 
into an ear vein), the thoracic cavity was opened and organs perfused via the left 
ventricle using 0.9% saline to clear the tissues of blood followed by 10% formalin 
for fixation.

Gross necropsy included observation of organs including examination of the 
location of the coupling loop and transmission line and the surrounded tissues. The 
implant was either removed (IR) or left in the tissue (HDPE) to facilitate dissection. 
Whole brain, hind leg muscle surrounding the device, sections of liver, kidneys, 
lymph nodes, spinal cord, heart, lungs, stomach, and intestines were removed and 
stored in 10% formalin for later histological analysis.

2.7  Histopathology

Hematoxylin and eosin (H + E) was used to stain sections of the skeletal muscle tis-
sue from rabbits. Tissues were obtained from non-implanted rabbits as well as IR 
implanted rabbits after 9 months. At the end of the experiments, the rabbits were 
euthanized and the tissue containing IRs and control implants were excised and fixed 
in 10% formalin. The IRs were removed from the muscle and were recalibrated. Tis-
sues were embedded in paraffin and stained with hematoxylin + eosin for histologi-
cal studies.

3  Results

3.1  Final Design of Implantable Resonator with PDMS/HDPE Coating and 2 
Sensor Loops

Fabrication of IRs with the described design revisions was successful. Details 
regarding the materials and procedures used for fabrication the implantable resona-
tors are provided as a supplement. Quality assurance steps included visual inspec-
tion of the IRs to verify that the biocompatible PDMS coatings were complete, 
confirmation that the OxyChip material had been properly localized in each of the 
sensor loops, batch oximetric calibration, and basic functionality testing. Gross 
manufacturing failures and close visual inspections eliminated approximately 10% 
of resonators, with the most common deficiencies related to PDMS molding errors. 
Excluding resonators with apparent manufacturing defects, all remaining resonators 
passed basic functionality testing, with the expected pair of EPR signals measured 
from the two sensing loops under nitrogen equilibration and static gradient acquisi-
tion conditions. Calibration of a subset of resonators (N = 4) under  N2, 2%  O2, and 
5%  O2 provided oximetric sensitivity of 10 ± 1 mG/mmHg with an anoxic linewidth 
of 108 ± 5 mG.
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3.2  Biocompatibility Testing

The biocompatibility and chemical characterization of the implantable resonator, as 
the test article, was evaluated in a series of tests carried out according to ISO 10993 
guidelines via contract with an external GLP-accredited laboratory (Pacific Biolabs, 
Hercules, CA).

Cytotoxicity (ISO 10993-5): cells treated with the test article extract exhibited a 
response of grade 0 (no reactivity) at 24 and 48 h. Based on qualitative evaluation of 
the cells exposed to the test article extract, the test article was not considered to have 
a cytotoxic effect.

Sensitization (ISO 10993-10): no sensitization reactions or patterns were noted 
in tested guinea pigs exposed to test article extracted in either saline or cottonseed 
oil. The test animals did not receive scores higher than those of the negative control 
animals. The test article when extracted in saline or cottonseed oil, did not elicit sen-
sitization reactions in animals used in this study.

Reactivity (ISO 10993-10): based on erythema and edema scores, the test article 
extracted in saline or cottonseed oil did not elicit biologically significant irritation 
reactions when compared to the control after being injected intracutaneously in rab-
bits. The test article extracted in saline or cottonseed oil met the requirements for the 
Intracutaneous (Intradermal) Reactivity Test.

Endotoxin (USP <85>): the results of the positive product control were within 
50–200% of the known spike endotoxin concentration when tested at the following 
dilutions: undiluted, 1:10, 1:20, 1:40 and 1:80. Two additional lots for validation are 
needed to complete the recommended three lot validation for this product. The test 
article passed the validation (Inhibition/Enhancement) test based on the USP and 
ANSI/AAMI ST72 specified acceptance criteria for this test.

Pyrogenicity (ISO 10993-11): all rabbits appeared healthy during the test and 
none exhibited an individual increase in temperature of 0.5 °C or more when com-
pared to the control temperature. Based on criteria for this test, the test article met 
the USP <151> requirements for the absence of pyrogens.

3.3  Chemical Characterization

Gas chromatography‐mass spectrometry (GC–MS) was performed to assess volatile 
and semi‐volatile organic extracts. Water extract exhibited one unique peak above 
the 1 ppm internal standard when compared to the corresponding blank extract, 
with potential identification as acetamide. Ethanol extract exhibited 23 unique 
peaks above the 1 ppm internal standard when compared to the corresponding blank 
extract. All peaks were tentatively identified as various forms of siloxanes.

Liquid chromatography–mass spectrometry (LC–MS) was used to identify the 
presence of larger molecular weight and non-volatile compounds. Water extract 
exhibited two unique peaks above the 1ppm internal standard, with one conforming 
to the acetamide peak observed with GC–MS and the other indicative of a siloxane 
compound. Ethanol extract exhibited 34 peaks, mostly identified as siloxanes, above 
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the 1-ppm standard. Non-siloxane molecules in positive mode extracts included 
 C10H13NO2 and  C32H44O2. Negative mode extracts tentatively identified 2,6-di-
tert-butyl-4-(4-hydroxybenzyl)phenol or isomer  (C23H48O) and 4-({4-[4-(2-methyl-
2-propanyl)phenoxy]phenyl}amino)-4-oxobutanoic acid  (C20H23NO4).

Inductively coupled plasma‐mass spectrometry (ICP‐MS) for inorganics and 
heavy metals extracts was performed. Copper and antimony were detected in the 
water extract of the device above the limit of quantitation. Antimony was recovered 
at 0.001477 μg/device and copper was recovered at 0.002526 μg/device.

Fourier transform infrared spectroscopy (FTIR) showed no significant difference 
between the sample extract and the blank water extract. Similarly, the ethanol extract 
showed no significant difference between the sample extract and the blank ethanol 
extract.

3.4  In vivo Rabbit Study

In this study, 24 New Zealand white rabbits were implanted with either implantable 
resonators or HDPE control material in the brain and in the hind flank. This study 
was designed to test the feasibility of  pO2 measurement and evaluation of histologi-
cal changes after short term and long term implantation in the brain and soft tissue 
of rabbits. Over the course of the study, we monitored the neurobehavioral and sys-
tematic toxicity in awake animals including observing respiratory rate, motor activi-
ties, convulsion, reflexes, and body weight, and measured  pO2 in anesthetized rab-
bits. Figure 5 shows rabbit body weights recorded for the 9-month cohort; weights 
for other cohorts were consistent. At 3 specific end points (1-week, 3-month and 
9-month post-implantation) cohorts of 8 rabbits were anesthetized, blood analyses 
performed, and tissues collected for pathology.

Fig. 5  Rabbit body weight measured over 9  months. No difference in weight between those rabbits 
implanted with IR vs Control



1332 E. Y. Chen et al.

1 3

3.5  Rabbit Implantations, Surgery and Postoperative Status

The IR implantation procedure itself was uneventful in 11 of 12 rabbits. One rab-
bit had to be euthanized due to unexpected neurological complications related to 
self-inflicted displacement of the IR resulting in tissue damage and hemorrhage 
under the incision. For the 12 rabbits implanted with negative control HDPE sam-
ples, three had to euthanized, including one experiencing persistent leg pain and two 
related to unexpected brain injuries.

For the 1-week and 3-month cohorts, all IRs were explanted intact without evi-
dence of damage or breakdown incurred during residence in the animals. In the 
9-month cohort, a single IR in the leg of one rabbit was observed during the course 
of the study to contain a fractured wire at the junction between the transmission line 
and the coupling loop. The remaining resonators in the 9-month cohort showed no 
evidence of damage prior to removal, though one of the resonators from a hind leg 
was observed to have a broken wire upon inspection after explantation. This resona-
tor was fully functional 1-week earlier in vivo, and it is assumed that it was damaged 
during the removal procedure.

3.6  Rabbit Oxygen Measurements

In vivo measurements of oxygen were performed for the rabbits in the 3-month and 
9-month cohorts (e.g. Fig. 6). For the intracranial sites, the measurements were con-
sistent across time and animals, though with a statistically significant difference in 
the  pO2 between the deep and more shallow sites (41 ± 6 mmHg vs 47 ± 6, p < 0.01, 
N = 22 each). Measurements from the hind leg were more variable, (25 ± 15 mmHg, 
N = 38), with no detectable difference between the two sensors for each IR. Data 
for each measurement are included in Table 1. Intra-cranial measurements are con-
sistent with prior deep brain tissue measurement made with a different implantable 
resonator design [22]. Similarly, hind leg measurements are consistent with earlier 
measurements made in rabbits using EPR with EMS char [52].

Fig. 6  Representative EPR spectra measured from IRs in the brain (left) and leg (center). A rabbit posi-
tioned for brain  pO2 measurement is shown on the right. Spectra shown are medians of twelve 5-s scans, 
with modulation amplitude set independently to 1/3 of the narrowest observed linewidth, scan range 
equal to 10 × the full-width half-maximum linewidth, and other acquisition parameters held constant. 
Signal-to-noise ratios are 43 and 103, respectively, reflective of the differences in linewidth
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3.7  Recalibration of IRs that were Removed Intact from the Tissue

Following removal from the rabbits after euthanasia, functional and calibration 
studies were repeated. One resonator was recognized as broken during the in vivo 
phase of the experiment. Another resonator was identified to be broken follow-
ing removal from the rabbit, but noted to have been fully operational days earlier 
in  vivo. Oximetric calibration of a subset of resonators (N = 4, two from brain, 
two from leg) were performed. Resonators were cleaned of any residual tissue 
remaining following extraction. Average oxygen sensitivity of 7.5 ± 0.4 mG/
mmHg and an anoxic linewidth of 112 ± 2 mG were observed. These values are 
not significantly different from values measured for unimplanted resonators, with 
sensitivity of 10 ± 1  mG/mmHg (p = 0.09) and anoxic linewidth of 108 ± 5 mG 
(p = 0.5).

Table 1  Initial  pO2 measurements for IR sensors in the brain and hind leg

a Only one component observed: no oxygen reported
b No gradient (power supply failure)
c No EPR signal detected at this site

Rabbit ID (cohort) Measurement date Intra-cranial  pO2
(mmHg, mean ± SD)

Hind leg  pO2
(mmHg, mean ± SD)

Sensor 1 Sensor 2 Sensor 1 Sensor 2

9 (3 months) 12/11/2018 58a 15 ± 0.2 27 ± 0.9
9 (3 months) 1/4/2019 42 ± 0.6 46 ± 1.1 44 ± 0.2 21 ± 0.3
9 (3 months) 2/19/2019 42 ± 0.8 49 ± 1.4 26 ± 0.5 25 ± 0.1
10 (3 months) 11/14/2018 35 34 ± 0.1 35 ± 4.1 39 ± 2.2
11 (3 months) 12/18/2018 36 ± 0.7 46 ± 1.8 7 ± 0.3 10 ± 0.2
11 (3 months) 1/21/2019 34 ± 0.2 41 ± 0.4 13 ± 0.9 19 ± 0.3
11 (3 months) 2/19/2019 32 ± 0.6 40 ± 0.4 6 ± 0.1 10 ± 0.1
13 (3 months) 12/11/2018 44 ± 0.3 50 ± 0.5 13 ± 1.3 13 ± 1.7
13 (3 months) 1/4/2019 43 ± 0.2 55 ± 0.2 21a

13 (3 months) 2/19/2019 42 ± 1.0 55 ± 3.0 36 ± 3.5 13 ± 4.0
16 (3 months) 12/18/2018 41 ± 4.7 46 ± 8.9 39 ± 0.5 49 ± 1.2
16 (3 months) 1/21/2019 35 ± 1.3 48 ± 2.0 34 ± 0.6 73 ± 1.4
16 (3 months) 2/19/2019 38 ± 0.4 50 ± 0.2 51 ± 2.0 38 ± 1.0
20 (9 months) 1/25/2019 43 ± 4.2 56 ± 7.5 5 ± 0.1 14 ± 0.1
20 (9 months) 5/3/2019 35 ± 0.9 46 ± 2.7 35 ± 1.3 35 ± 1.4
20 (9 months) 8/23/2019 39 ± 0.2b 22 ± 3.7b

22 (9 months) 1/25/2019 38 ± 1.1 51 ± 0.7 6 ± 0.8 17 ± 1.5
22 (9 months) 5/3/2019 42 ± 0.7 54 ± 0.4 9 ± 0.3 32 ± 1.0
22 (9 months) 8/23/2019 44 ± 2.6b 33 ± 1.5b

23 (9 months) 1/25/2019 47 ± 0.5 50 ± 1.2 c c
23 (9 months) 5/3/2019 51 ± 0.6 42 ± 0.6 c c
23 (9 months) 8/23/2019 50 ± 0.6b c c
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3.8  Rabbit Laboratory Results

Results were consistent across all cohorts. There were no significant differences in 
average CBC or CMP profiles between the IR- and HDPE control-implanted rabbits 
and between labs acquired prior to implantation or prior to sacrifice for any of the three 
cohorts. All average values were observed to be within the reference range, other than 
several average alkaline phosphatase levels for both pre-implantation and euthanasia 
timepoints (138–234 IU/L vs reference range of 22–119 IU/L) and three average plate-
let counts that were just outside of the lower reference range (Tables 2, 3 and 4). These 
values are not considered to be clinically significant and may be related to the diet, 
samples drawn under anesthesia, and/or length of time before samples were spun to 
separate the serum.

Table 2  One-week cohort

a Measurement beyond reference range

Ref. range Pre-surgery Post-surgery

IR Control IR Control

WBC 3.1–9.7  103/μL 6.475 6 8.1 6.1
Hemoglobin 10.9–14.5 g/dL 12.475 11.525 11.67 10.47
Platelet count 206–705  103/μL 222.75 226.75 426.00 369.33
AST (SGOT) 11–36 IU/L 13.5 12.5 15.33 12.33
ALT (SGPT) 22–83 IU/L 25.75 44.5 25.00 31.00
Alk phosphatase 22–119 IU/L 234.5a 207.75a 118.67 195.67a

Creatinine 0.7–1.4 mg/dL 0.9 0.9 0.93 0.77

Table 3  Three-month cohort

a Measurement beyond reference range

Ref. range Pre surgery Post surgery

IR Control IR Control

WBC 3.1–9.7  103/μL 7.85 6.625 7.05 7.5
Hemoglobin 10.9–14.5 g/dL 14.325 13.575 13.65 13.3
Platelet count 206–705  103/μL 290.75 260.25 193.25a 339.75
AST (SGOT) 11–36 IU/L 13 12.75 17.75 17.25
ALT (SGPT) 22–83 IU/L 31.25 24.75 34.75 28
Alk phosphatase 22–119 IU/L 57 73 33.5 36
Creatinine 0.7–1.4 mg/dL 0.975 1.05 0.925 0.975
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3.9  Rabbit Gross Pathology Results

Gross pathology at the 1-week endpoint appeared normal with the exception of nat-
urally healing surgical wounds related to placement of the IRs and control implants 
in the brain and leg tissues. In these instances, for both the IRs and HDPE controls, 
the tissue in the region underneath the skin incision revealed healing tissue and in 
the case of the brain implant a burr hole through the skull. Gross pathology at the 
3-month endpoint appeared similar to that at week 1, with the exception of a thin 
layer of fibrosis surrounding the implant. For the 9-month cohort, gross pathology 
again appeared similar to that at the 1-week timepoint, with the observation of a 
thicker layer of fibrosis surrounding the IRs in subcutaneous tissue. Other organs 
including liver, kidneys, lymph nodes, spinal cord, heart, lungs, stomach and intes-
tines appeared grossly normal.

3.10  Animals Euthanized Early Related to Procedural Complications

Three rabbits with control implants were euthanized on post-implantation days 1–6. 
Two of them sustained brain injuries secondary to migration of one implant into 
the optic canal and immediate post-implantation hemorrhage with another implant, 
both causing neurological injury. For both of these rabbits, the control implants on 
the right hind leg were inside of muscle as expected with no evidence of bleeding 
in the surrounding tissue. One of the control rabbits sustained injury from the leg 
implant resulting in inability to use the right leg. Imaging (MRI—9.4 T Bruker) sug-
gested that the IR penetrated the sciatic nerve. Upon removal, the control implant 
was found to be deep inside of muscle with no evidence of excessive bleeding in 
surrounding tissue. Further dissection confirmed the imaging result.

One rabbit with the IR required early euthanasia on post implantation day 2 due 
to a significant head tilt to the left. Imaging (Fluoroscopy OEC 9800) indicated that 
the brain IR was reoriented 180° from an anterior to a posterior position. Surgi-
cal wounds were present as expected. Tissues underneath the skin incision over the 

Table 4  Nine-month cohort

a Measurement beyond reference range

Ref. range Pre surgery Post surgery

IR Control IR Control

WBC 3.1–9.7  103/μL 7.325 7.275 7.3 8.375
Hemoglobin 10.9–14.5 g/dL 13.65 13.625 13.6375 12.725
Platelet count 206–705  103/μL 199.25a 233 216.125 191.5a

AST (SGOT) 11–36 IU/L 12.5 41.5 27 33.5
ALT (SGPT) 22–83 IU/L 18 32.5 25.25 38.5
Alk Phosphatase 22–119 IU/L 151.75a 138.25a 145a 61.25
Creatinine 0.7–1.4 mg/dL 0.775 0.8 0.7875 1
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skull exhibited mild hemorrhage. The IR was in the burr hole on skull in a reversed 
position, relative to orientation established during implantation, with the IR present 
in the brain tissue.

3.11  Rabbit Histopathology Results

H + E staining was performed on tissue specimens adjacent to the IRs and HDPE 
controls implanted in the rabbit hind leg for all 3 cohorts. After both 1-week and 
3-month implantations, the levels of inflammatory reactions were consistent with 
expected implantation trauma and similar in both IR and control implantations. No 
leakage of LiNc-BuO crystals was found in any of the tracks or surrounding mus-
cle tissues for any samples (Fig. 7). For the 9-month cohort of rabbits, fibrosis was 
again observed both in control and IR samples in the tissue surrounding the trans-
mission line as well as the coupling loop on H + E staining (Fig. 8). No hemorrhage 
or leakage of the LiNc-BuO crystals was observed in the experimental group.

10x 40x

1-week 
control

1-week IR-
muscle

3-month 
control

3-month 
IR-subQ

3-month 
IR-muscle

Fig. 7  H + E staining images obtained from tissue specimens adjacent to the IR and HDPE control 
implanted in the rabbit hind leg (shown at 10× and 40× magnifications)
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4  Discussion

The refinements to the IR design including the second biocompatible PTFE coat-
ing over the LiNc-BuO and PDMS along the transmission line, the circular disk 
to maintain the shape of the coupling loop, and the peel-away catheter for implan-
tation showed safety, oximetry capability, and implementability of EPR oximetry 
in deep tissues. Biocompatibility tests demonstrated reactions within the normal 
expected range. The rabbit study confirmed that the IR can be safely implanted 
into brain and leg tissues and that oxygen measurements in deep tissue could be 
obtained repeatedly using EPR oximetry. The IR did not cause any more tissue 
reaction around the implant than the control HDPE implant.

In the preclinical rabbit study, we identified a mechanical failure at the inter-
section of the twisted pair of the transmission line and the coupling loop of the 
IR. Breakage of one or both wires of the twisted pair transmission line occurred 
in 2 resonators implanted for 9 months in the hind leg of the rabbit, though one 
break is expected to have occurred during explantation. Assuming that the physi-
ological motion of the implantable resonator in the leg tissue created work hard-
ening of the metal wire at this junction, we have designed, machined, and tested 
a new injection mold prototype to incorporate extra PDMS around this juncture 
to provide additional strain relief at this critical point. The breakage that occurred 
during explantation might have resulted from fibrosis surrounding the IR, making 
removal of the IR challenging. The coupling loop may benefit from secondary 
PTFE encapsulation similar to the transmission line.

2x 20x

9-month 
Control

9-month 
IR 

Coupling 
loop

9-month 
IR 

Transmiss
ion line

Fig. 8  H + E staining images obtained from tissue specimens adjacent to the IR and HDPE control 
implanted in the rabbit hind leg (shown at 2× and 20× magnifications). At 9-month post-implantation, 
there is minor inflammation and foreign body reaction. Fibrosis was observed both in the control and the 
IR in the tissue surrounding the transmission line as well as the coupling loop (short arrows). No hemor-
rhage or leakage of the LiNc-BuO crystals was observed in the experimental group
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The latest refinements of the IR for EPR oximetry in deep tissues have been made 
with the intention to easily translate this technology into clinical practice. The cur-
rently available oxygen probes for clinical EPR oximetry include India ink and Oxy-
Chip [26, 27]. Both Inda ink and OxyChip have been implanted during a minimally 
invasive clinic procedure with or without a local anesthetic prior to their surgical, 
radiation, or chemotherapy treatments. Non-invasive EPR oximetry was able to be 
performed at multiple timepoints during some of the patient’s treatment course. 
The IR implantation procedure using the brachytherapy needle and peel-away cath-
eter that was outlined in the rabbit study can be easily translated to human patients. 
The brachytherapy needles and peel-away catheters (during central venous catheter 
placement) are routinely used in clinical practice. Initially, the implantation proce-
dure may need to be done under sedation depending on the site of implantation. The 
skin incision required to bury the coupling loop is small (1.0–1.5  cm), so the IR 
implantation in non-brain sites would be considered a minor procedure from a surgi-
cal point of view.

5  Conclusions

The revised version of the IR comprised of LiNc-BuO crystals in PDMS with a sec-
ond biocompatible PTFE coating over the PDMS-coated MP35N transmission lines 
and the circular disk to maintain the shape of the coupling loop exhibited stability 
and biocompatibility. The IR was tolerated in the rabbit’s brain and leg for up to 
9 months after implantation and provided tissue oxygen measurements using EPR 
oximetry. The tissue surrounding the implantable resonator showed no more tissue 
reaction than the tissues surrounding the control implants. This pre-clinical study in 
rabbits establishes that the IR can be safely implanted in the brain and leg tissue and 
can provide repeated, non-invasive EPR oxygen measurements in vivo.
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