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Abstract Oxygen concentration in the skin is an important clinical indicator for

monitoring pathological conditions such as chronic wounds, skin cancer, and

peripheral vascular disease. Currently, the only clinically approved method for

acquiring these oxygen levels is based on electrochemical measurements that

employ Clarke-type electrodes attached to the skin. This technique has many

drawbacks and limitations, making it unattractive for standard medical practice and

care. Electron spin resonance (ESR), which can obtain the oxygen concentration

through measurements of the spin–spin relaxation time (T2) of paramagnetic species

interacting with molecular oxygen, provides a possible alternative. However, a

traditional ESR setup requires a large homogenous static magnetic field source with

limited gap between the poles and complicated equipment, making it unattractive

for clinical use. Here, we present a new design for a miniature ESR probehead,

which is comprised of a specially designed permanent magnet and a small micro-

wave resonator. The small size of the probehead (36 mm diameter cylinder with a

height of 24 mm) enables transcutaneous measurements from virtually any part of

the skin. Compared to the electrochemical method, this ESR-based approach may

provide faster and more accurate readings of oxygen concentration in the skin,

making it highly attractive for future clinical use.
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1 Introduction

Tissue oxygen levels have significant importance in many clinical situations [1]. For

instance, the role of hypoxia (lack of oxygen) in cancer treatment [2, 3], wound

healing [4–6], and limb amputation [7] has been well documented. However, despite

the great importance of oxygen, the clinical capability to noninvasively measure its

concentration in the tissue has been limited. This is in contrast to measurement of

blood oxygenation levels by methods such as pulse oximetry, which in many cases

is not a good indicator of tissue oxygen levels [8]. The only noninvasive, clinically

approved methodology for assessing oxygen levels in certain tissues is electrode-

based transcutaneous oxygen monitoring (TCOM), which estimates skin tissue

oxygenation by measuring the diffusion of extracellular oxygen through the skin [9,

10]. Currently, the TCOM electrode is used mainly for determining the healing

capacity of wounds. However, it is employed in only *2 % of chronic wound

cases. The main reasons for that are the complexity and inaccuracy of the method.

Electrodes are clamped to the patient’s skin via fixation rings and are heated to

*43 �C. In some cases this process can cause first-degree burns to the patient,

especially infants. After heating, the user performs oxygen measurements on the

underlying tissue. The entire process can last from 45 to 90 min. These drawbacks,

along with a high rate of user error (some experts estimate error to be as high as

60 % due to procedural complexity), lead to a low usage rate of this technology.

Electron spin resonance (ESR)-based methods are known to be very useful for

quantifying oxygen concentration or oxygen partial pressure (pO2). Such ESR

measurements involve the use of an exogenous spin probe consisting of

paramagnetic materials in either solid or soluble form. Changes in the relaxation

times of the ESR spin probe (denoted as T1 and T2) are caused by the interaction of

two paramagnetic species: molecular oxygen and the spin probe. These reversible

oxygen-induced changes in the relaxation times are used to quantify the pO2. Unlike

BOLD magnetic resonance imaging (MRI) [11] and pulse oximetry [8], which

measure blood oxygen saturation, ESR oximetry can measure the tissue oxygen

directly. In the last 15 years, several sensitive, nontoxic, crystal-like oximetry spin

probes have been developed [12–14]. The long-term stability of some of these

probes in tissue environment has also been established [15, 16]. With respect to the

TCOM applications, these particulates have recently been introduced in the form of

a sticker (known as ‘‘SPOT Chip’’) that is permeable to oxygen only on its bottom

surface [17]. This configuration allows the attainment of a fast O2 equilibrium

between the skin and the sticker placed on it. The relaxation times of the particulates

in the sticker can, therefore, provide an accurate reading of the skin’s pO2. This

technique makes it possible to implement TCOM applications by way of totally

noninvasive measurements with a good temporal resolution.

Unfortunately, the use of such ESR-based techniques for clinical purposes still

needs to address a number of fundamental issues, most notably the restrictions that

arise from existing hardware limitations. As most conventional ESR systems are

large, bulky units (somewhat reminiscent of MRI systems) with restrictive spacing

between the magnet poles, refinements in ESR hardware are necessary to make this

technology more appealing from a clinical standpoint. The movement towards
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smaller, portable ESR systems would be of substantial benefit for both the end users

(clinicians and clinical technicians) and the patients for whom such a system would

be intended. As a smaller, portable system, the oximetry unit would be much more

affordable and have the capability to be transported from room to room, rather than

have the patient brought to a separate location. In critical care settings, this would be

most useful because moving the patient is often not an option.

Over the last few years, we have developed several unique miniature magnetic

resonance sensors that can operate locally without the need for a large external

magnet. These sensors were already employed in a variety of clinical applications

[18–20]. Here, we continue this trend and present a unique miniature ESR probehead

that includes a permanent magnet and a high-sensitivity loop-gap resonator. This

probehead can be paired with a special particulate spin probe to measure the oxygen

concentration in the skin. This manuscript focuses on the technical aspects of the

miniature ESR probehead: its design, characteristics, and specifications. The probe’s

clinical capabilities will be reported in future publications.

2 The Pulsed-ESR TCOM Probehead

2.1 Design Approach

The design goal was to produce a simple and compact probehead capable of

effectively measuring the signal of particulate spin probes in the SPOT chip sticker

placed on the skin, with sufficient sensitivity to provide accurate readings of the spin

probe’s T2. Figure 1 shows the general overview of the probehead’s conceptual

design. The SPOT chip, which contains paramagnetic species such as LiNc-BuO

used as a sensor of oxygen [21], is described in Fig. 2 (for further information see

[17]). The 1/T2 of this spin probe grows linearly with the oxygen concentration [22],

enabling the detection and quantification of transcutaneous oxygen diffusion

Probehead

Resonator

From/to ESR 
spectrometer

Magnet array

SPOT chip on the 
skin (not shown)

Fig. 1 General overview of the probehead showing the permanent magnet and resonator assembly
during a projected in vivo measurement of skin oxygen level
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through the skin. In our case, the clinical measurements are to be carried out while

the probehead is placed on the patient’s skin, covering the SPOT chip sticker.

Our design features a static field of about 80 mT in the area occupied by the SPOT

chip (about 1 mm above the skin), which translates into an ESR resonance frequency

of *2.24 GHz, for which the skin’s dielectric losses are not too significant. The

measurement volume depends on the diameter of the TCOM probehead. The

dimensions of the probehead are 36 diameter 24 mm height (Fig. 3), and its weight is

*150 g, giving a measurement volume of *1.5 mm3 (see Sect. 2.4). The probehead

was designed in such a way that the resonator operates as an independent unit that

can be used separately from the magnet. In this way, the performance of the system

can be also evaluated in comparison to measurements performed with a conventional

large homogenous ESR electromagnet.

2.2 The Magnet

The magnet is the most important and critical component of the probehead. To

achieve our sensitivity goals, we chose to use a cylindrical Halbach array for the

magnet design [23]. This kind of magnet structure can be built of separate magnet

blocks, which are low-cost and lightweight, and provides a strong homogeneous

static magnetic field along the transverse direction of the cylinder with low stray

fields outside the structure. Halbach magnets have been previously studied both in

a

b

c

LiNc-Buo
encapsulated in 
PDMS (SPOT chip)

PDMS (Oxygen 
permeable)

PVA (Oxygen 
impermeable)

PVA coating

PDMS

PVA

LiNc-Buo
encapsulated in 
PDMS

1 mm

3.6 mm

Fig. 2 Detailed illustration of a SPOT chip, made of the LiNc-BuO spin probe embedded in oxygen-
permeable polydimethylsiloxane (PDMS), and encapsulated from the top by oxygen-impermeable
polyvinyl alcohol (PVA). a View from the bottom of the chip. b View from the top of the chip. c Cross
section of the SPOT chip
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NMR [24–29] and ESR [30]. However, a clinical use and a miniature design for

ESR have not been suggested. The design and construction process of the magnet

included a number of steps. First, we chose an appropriate magnet material. Second,

the static field, B0, was simulated using finite element analysis (Maxwell by Ansoft).

Third, the magnetic design was optimized to maximize the ESR signal from the

SPOT Chip.

The Halbach array is composed of a set of 16 permanent magnets shaped as

8-mm-long 9 4-mm-wide 9 4-mm-high rectangular prisms (Fig. 3). The magnets

are made of Samarium Cobalt (SmCo, material # 2:17-TC16 from Electron Energy

Corporation, USA) with a remanence of 0.83 T and a temperature coefficient of

-10 ppm/oC. The array produces a weaker magnetic field than NdFeB rare-earth

magnets, but provides far superior temperature stability.

The magnetization axis of each magnet runs parallel to one of the 4-mm

dimensions. A metallic frame (made of nonmagnetic nickel–silver alloy) holds the

magnets in a round array that is 24-mm long 9 36-mm in diameter, in such a way that

they are locked in position with their short sides at angles of 45� with respect to the

frame (see Fig. 4a). This gives rise to a magnetic field B0 perpendicular to the axis of

the cylinder, as marked by a thick red arrow in Fig. 4a. The resonator is placed inside

the magnet structure, with B1 running perpendicular to B0 along z-axis (Fig. 3b).

Magnets

Resonator shield

Resonator
MagnetShield

Microwave 
coupling  loop

z

x

a b

c

Fig. 3 Detailed view of the TCOM probehead assembly, showing it fully assembled (a and b) and also
its individual components (c). All dimensions are in mm
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The static field vector, B0, was measured using a 3D Hall probe (model 3RT100-2-2,

Sentron, Zug, Switzerland) that has an integration volume of 100 9 100 9 100 lm,

with 100-lm spatial resolution (Fig. 5a). Figure 5b shows the measured and

calculated field along the z-axis of the probehead. The measured properties of the

static field, B0, closely follow the results obtained by the detailed finite element

designs.

2.3 The Resonator

The resonator, its coupling structure, and microwave (MW) properties are presented

in Fig. 6. It is a loop-gap ring resonator manufactured from solid copper. The

Fig. 4 Assembled probehead. a Picture of the assembled probehead showing the direction of the
magnetization of the individual magnets (small red arrows) and the overall equivalent magnetization of
the entire array (large thick arrow). The coin near the probehead is a 10-Euro-cents coin. b Picture of the
assembled probe (lateral view)
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Fig. 5 Calculated and measured results of B0 field mapping. a The setup for the magnetic field mapping.
The Hall probe moves in space by step motors with a resolution of 100 lm. b The magnetic field along
the z-axis, as calculated by the Maxwell simulation and measured by the Hall probe
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resonator’s dimensions are: outer diameter 13 mm, inner diameter 3.6 mm, height

19 mm, and the gap is 0.1 mm wide. The resonator is coupled to a coaxial

transmission line by a loop antenna. The resonator design was carried out via finite

element calculations (CST Microwave Studio, CST AG, Germany) so that its

resonance frequency matches the static field of the permanent magnet

(*2.3–2.5 GHz). The resonator is held in a Rexolite holder with a sapphire tuning

element (model AT 6933-1 SL, Temex-Ceramics) inserted in the resonator gap that

allows tuning its resonance frequency by ±100 MHz. The resonator’s reflection

coefficient (S11) and quality factor were measured using a vector network analyzer

(E8361A, Agilent Technologies, USA). The unloaded quality factor (Qu) was found

to be 200 in air environment, and it dropped to *80 when brought close to the skin;

see Fig. 6b. The quality factor is determined by the losses of the dielectric material

we employed and mainly by radiation losses due to the open resonator structure.

When brought close to the skin, the dielectric losses by the skin tissue also become

significant. The effective resonator volume [31–34] (see also Sect. 4) was calculated

from the finite element simulation results and was found to be 154 mm3.

2.4 Optimizing the ESR Signal

The relatively small size of the magnet leads to inhomogeneous distributions of B0,

and the relatively small resonator results in an inhomogeneous MW magnetic field,

B1. As can be seen in Fig. 7a, these fields vary considerably in magnitude over the

3D region of interest (ROI). In addition, they also vary in their orientation.

Therefore, for a given spatial distribution of B0 and B1, the net ESR signal must be

calculated through the superposition of signals from individual spatial locations

(called voxels) that may vary in amplitude and phase. This calculation was carried

out using the Matlab software (Mathworks, Natick, MA, USA) that was introduced

in our recent work on a compact ESR probehead for in vivo measurements of tooth
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Fig. 6 Properties of the MW resonator. a Drawing of the calculated MW field of the resonator (B1)
superimposed on the cross section of the ring resonator. The red circle marks the region where the SPOT
chip is to be placed. b Reflection coefficient, S11, of the resonator in air and when brought near the skin
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[35]. The calculation is based on obtaining numerical solution of the Bloch

equations for arbitrary values of B0 and B1 and for an arbitrary pulse excitation

shape. Using the approximation of short (with respect to the transverse relaxation

time) rectangular excitation pulses, a very efficient solution of the Bloch equations,

e.g., using the method reported by Casanova and Perlo [36], can be obtained. Here,

we set the frequency of the excitation pulses to be equal to the average value of cB0

in the ROI (c is the electro-geomagnetic ratio). The excitation bandwidth was

controlled by adjusting the pulse width and/or shape, while the flip angle was

controlled by adjusting the magnitude of a pulse. An example of the predicted ESR

signal amplitude for a Hahn echo sequence employing rectangular pulses in various

parts inside the probehead is provided in Fig. 7c.

2.5 Samples

Samples of the LiNc-BuO microcrystals in a tetragonal packing structure [37] were

degassed and sealed under vacuum in a tube with an inner diameter of 1.56 mm.

The spin relaxation times (T1 and T2), measured using inversion recovery and Hahn

echo sequences, were found to be *1 ls. The volume of the particulate powder in

the sample was 3.6 mm3 and the number of spins in the sample tube was found to be

*1 9 1017. The later datum was obtained by comparing the sample’s signal to that

of a trityl solution with known volume and concentration that was measured using a

commercial CW ESR system (EMX X-band system by Bruker, Germany).
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Fig. 7 Matlab simulation for estimating the spatial distribution of an ESR signal for given excitation
frequency pulses, B0 and B1. The area in which the SPOT chip should be located is marked in all plots by
a red rectangle. a B0 magnitude as given by Maxwell Software at the probeheads’ xz plane. b B1

magnitude as given by CST software (arbitrary units) at the xz plane. c Matlab simulation showing the
area from which the signal is obtained (in arbitrary units) at the xz plane, with the B0 and B1 values shown
in (a) and (b). The excitation here is provided by a Hahn echo sequence with 100-ns-long rectangular
pulses
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2.6 ESR Spectrometer

The MW system that drives the probehead is based on our home-built pulsed-ESR

microimaging system. It includes a spectrometer, gradient current drivers (not used

in the current set of experiments), and control software. A detailed description of the

system is provided elsewhere [33, 38]. In experiments conducted in this work we

extended the spectrometer’s operating frequency range down to the 2–4 GHz range

and also added the capability to perform arbitrary-shaped pulses using an arbitrary

waveform generator card with 0.5 ns time resolution (Chase 12000 from Chase

Scientific Company, USA).

3 Experimental Results

3.1 Evaluation of the Resonator’s and the Spectrometer’s Performance

The performance of the pulsed-ESR oximetry resonator was evaluated using the

LiNc-BuO test sample. The sample was inserted into the loop-gap resonator and

held in place using a tape, while the resonator was placed inside a homogeneous

ESR electromagnet. The results of the frequency domain echo signal of these

measurements and their corresponding noise levels are shown in Fig. 8. The

experimental conditions were as follows: frequency of 2.24 GHz, Hahn echo pulse

sequence employing Gaussian-shaped pulses, where the 90� pulse is 200 ns long

(FWHM of 100 ns) and the 180� pulse is also 200 ns long (but with twice the

amplitude), with interpulse separation, s, of 800 ns. The repetition rate was 40 kHz

and each echo signal was averaged 800 times (i.e., acquired within 20 ms). The

noise was measured using the exact same parameters as the signal acquisition, but

without any sample in the probehead. The experimental single-shot signal-to-noise

ratio (SNR) values for these measurements are provided in Table 1 (see also Sect. 4

below for the theoretically calculated SNR). These values are derived by dividing

the sample signal (integrated over its spectral width) with that of the noise signal

(integrated over the same spectral window), acquired in a single shot.

3.2 Evaluation of the TCOM Probehead’s Performance

The performance of the pulsed-ESR oximetry probehead was evaluated using the

same set of parameters as above, with the homogenous static field replaced by the

field of the Halbach array (that is, the complete probehead was used). The LiNc-

BuO crystals in the capillary were placed inside the loop-gap resonator, mimicking

the position of the SPOT chip. The experimental conditions were the same as above.

The noise in this case was measured by collecting the signal after removing the

sample. The frequency domain echo signal of the LiNc-BuO sample compared to

the noise is plotted in Fig. 8, with 800 averages. The experimental single-shot SNR

values for these test sample measurements are provided in Table 1.

Miniature Electron Spin Resonance Probehead

123



4 Discussion

The results clearly show that a sample with the typical size of the SPOT chip

provides sufficient SNR in a fraction of a second (*20 ms). Clinical measurements

would require having several signal acquisitions at various values of s. In addition,

SNR may be lower due to a reduction in Q when the probe is near the skin and to

other possible experimental issues. These effects may result in a significant increase

in the acquisition time required to obtain accurate pO2 readings. However, we

expect the acquisition time to stay below 5 s. This is because, if required, the

acquisition protocol can be further optimized by increasing the repetition rate to few

100 kHz, which can further reduce the acquisition time.

The following theoretical SNR analysis compares the performance of the

probehead to the expected sensitivity.

The number of spins detectable with an SNR of 1 in a single-shot data acquisition

is given by the expression [34]:
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Fig. 8 Signal and noise levels (in arbitrary units) measured by the probehead for the LiNc-BuO sample
(shown in the frequency domain relative to central frequency). The inset shows a blow up of the noise
level

Table 1 Theoretical and experimental single-shot SNR of both the probe measurement and magnet

measurement

LiNc-BuO in Hom. Magnet LiNc-BuO in probe

Experimental SNR 15.4 2.5

Theoretical SNR 550 (whole sample) 10

The theoretical values were calculated using Eq. 1
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single shot �
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p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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BF; ð1Þ

where Vc is a property of the resonator that represents its effective volume [31–34],

which is equal to the volume of a small hypothetical sample Vv [for example,

(1 lm)3] at the center of the resonator’s field of view, divided by the filling factor

[39] of this small sample [31]. Other parameters in the equation are: Boltzmann

constant, kb, temperature, T, the electron’s Larmor angular frequency, x0, the free-

space permeability, l0, and the unloaded quality factor of the resonator, Qu. Here we

assumed that the bandwidth of excitation is chosen to match the line width of the

paramagnetic species in the sample, Df = 1/pT2
* (including any broadening due to

B0 inhomogeneity). BF is the Boltzmann population factor, BF ¼ 1þe
��hx0

kBT

1�e
��hx0

kBT

, and lB is

Bohr’s magneton.

Plugging the relevant parameters for the LiNc-BuO sample in the homogenous

magnet into Eq. 1 (i.e., T2
* = 1,000 ns, BF = 5.43 9 103, Vc = 1.54 9 10-7 m3,

Qu = 200, and x0 = 1.44 9 1010 rad/s) provides us with a theoretical single-shot

spin sensitivity of *2.44 9 1013 spins for this sample. This means that our

1 9 1017-spin LiNc-BuO sample, if wholly excited, should have given a single-shot

SNR of *1 9 1017/2.44 9 1013 = 4,000. However, we must also consider the T2

relaxation, which, for our Hahn echo sequence, reduces the signal by a factor of

*7.4, leaving us with a predicted single-shot SNR of *4,000/7.4 = 550. The

theoretical SNR inside the small permanent magnet of the probe can be calculated in

a similar manner. However, the volume from which the signal is picked up is *15

times smaller than that of the entire sample (based on the analysis of Fig. 7).

Furthermore, the field inhomogeneity causes T2
* to be much smaller (*80 ns),

resulting in a predicted single-shot SNR of *10 (which already takes into

consideration the effect of the T2 relaxation of the ESR signal).

An inspection of the data in Table 1 reveals that the resulting theoretical sensitivity

values are significantly better than those actually obtained in the experiments. These

differences may occur due to uncertainties in the number of spins in the sample and to

the sample’s non-ideal pulse sequence excitation when placed in a resonator with

relatively large B1 field variations. Also, some variability that we observed in the

measured-ESR signal can be attributed to the positioning of the sample inside the

resonator. An ideal measurement would be approximately at z = 4 mm (Fig. 7),

where the B0 and B1 fields are relatively homogeneous. However, due to the technical

reasons of SPOT chip size and placement, the measurement can only be carried out in

the inhomogeneous region that is close to the surface of the resonator, leading to some

loss of ESR signal. The relatively larger difference between the theoretical and

experimental SNR values in the homogenous magnet case is due to limited dynamic

range of the MW system that forced us to work at relatively low gain in this case, which

increases the system’s noise figure.

The combination of the ESR probehead and SPOT chip not only provides a

viable alternative to electrode-based measurements of transcutaneous oxygen but

also offers several advantages. The fast acquisition by probehead and the small size
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of the SPOT chip, which leads to a rapid equilibrium with the skin, would possibly

allow the entire measurement process to be significantly faster compared to

electrode-based acquisition. It would also possibly not need heating of the skin

because of the much better diffusion of oxygen to the paramagnetic crystallite spin

probe (that can be in gaseous environment) vs. the relatively slow diffusion in the

electrolyte solution of the TCOM electrode. There is no oxygen consumption during

the measurement, and the patch can be attached directly to a wound surface and also

to very small pointy organs. Furthermore, in the future, the system can be adapted

for subcutaneous applications where the probehead pickups signal from the

paramagnetic species deposited just underneath the epidermis. In addition, by

reducing the size of the rest of the spectrometer system, it is possible to design an

entire system that is portable and can be transported on a cart. Future work, together

with clinical studies with an actual SPOT chip, may concentrate on improving the

sensitivity and usability of such an oximetry probe.
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