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Abstract
Monitoring of skin scar thickness and structural properties is desirable when assess-
ing the efficacy of the healing process. In this work, we report the use of single-
sided, low-field nuclear magnetic resonance (NMR) for the analysis of the thick-
ness and collagen structure of healthy and scarred skin. Acquisition of T2 relaxation 
profiles was proven to provide quantification of porcine skin thickness as accurate 
as standard histological techniques. Subsequent analysis of human participants high-
lighted the utility of this technique for identifying different types of scar and in iden-
tifying differences between the thickness of moderate hypertrophic scars and healthy 
skin. Using bead packings as a model system, determination of the surface-to-vol-
ume (S/V) ratio and tortuosity (k) was successfully measured on the single-sided 
apparatus based on time-resolved diffusion analysis. Application of this method to 
human skin was able to detect regional differences in collagen structures, consist-
ent with qualitative expectations. It was also able to differentiate between healthy 
and scarred skin tissue. Preliminary results indicated that scarred tissue exhibited 
decreased S/V ratios and tortuosities, which is coherent with the formation of less-
aligned collagen within scar tissue and indicated the potential for this technique to 
differentiate scar types. This novel application of single-sided low-field NMR has 
the potential to be deployed in clinical settings for the differentiation of scar types 
and for the assessment and monitoring of skin scarring and healing.
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1  Introduction

The skin is the largest organ in the human body and accounts for approximately 
15% of an adult’s body weight [1]. Its purpose is primarily to provide a barrier for 
the inner organs whilst also playing a role in thermoregulation, vitamin D synthe-
sis, and sensory perception [2]. The formation of scar tissue occurs as part of the 
body’s healing mechanism in response to injury of the skin. Scar management is 
an important clinical process as improper or delayed healing can cause prolonged 
physical and psychological problems for patients [3]. Management is typically 
achieved through monitoring of the scar thickness and biomechanical behaviour, 
which facilitates diagnosis of scar type and treatment prescription. Currently, this 
is assessed via physical examination and/or histological measurements of a sec-
tion of scar which has been physically extracted from the body. These two meth-
ods are limited by practitioner subjectivity and discomfort inflicted on the patient, 
respectively. Therefore, there exists a need for accurate methods of scar charac-
terisation that are both quantitative and non-invasive.

One such method which could be applied to the assessment of skin is the sin-
gle-sided low-field nuclear magnetic resonance (NMR) measurement technique. 
From a geometric standpoint, single-sided NMR is well suited to the study of 
skin, where the region to be measured is close to the surface of an irregular 
shape. The aim of this work is to demonstrate the utility of the NMR Mobile Unit 
Universal Surface Explorer (NMR-MOUSE) in the analysis of skin scars. In par-
ticular, scar thickness and porosity—which is indicative of collagen alignment—
are assessed to verify that this technique can successfully differentiate between 
healthy skin and different scar types and distinguish the NMR-MOUSE as a low-
cost, non-invasive solution for quantitative scar management in a clinical setting.

2 � Background

2.1 � Skin and Scar Formation

Skin thickness varies according to its function and location on the body, rang-
ing from 0.5 mm on the eyelids up to 4 mm on the soles of the feet [4]. The skin 
consists of three layers: the epidermis, dermis, and hypodermis [2]. The epider-
mis is the outermost layer of the skin and it consists of 90% keratinocytes, which 
are cells that are responsible for protecting the skin from environmental hazards, 
such as pathogenic bacteria, fungi, UV radiation, and water loss [5]. The der-
mis provides nutrients and physical support to the epidermis through a complex 
arrangement of collagen, elastin, and fibronectins called the extra-cellular matrix 
(ECM) [6]. The hypodermis is a layer of subcutaneous fat containing blood ves-
sels and nerve cells which facilitate body temperature regulation [2].

Wound healing after injury is a complex process which can be simplified into 
three stages: inflammation, proliferation, and tissue remodelling [7]. The first 
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stage occurs directly after tissue damage and consists of aggregation of throm-
bocytes and platelets in a fibrin network. This forms an initial temporary matrix 
that provides the basis for re-establishing the protective barrier of the skin [8]. 
Proliferation involves formation of new tissue via the migration and proliferation 
of different cell types including keratinocytes, which facilitate restoration of the 
outermost (epidermal) barrier of the skin and fibroblasts, which in turn synthesise 
collagen and promote cross-linking to form the extra-cellular matrix (ECM) [9]. 
Remodelling of the disorganised ECM occurs as the final stage and can take up 
to a year depending on wound severity [10]. Improper healing of scars can result 
in the production of excess scar tissue and prolonged healing times; therefore, 
accurate monitoring of scar formation and healing is desirable for confirming the 
efficacy of a prescribed treatment path.

There exist different types of scar formation, which are largely classified based on 
visual inspection, including scarless regeneration, normal scar formation, and patho-
logical scarring. The latter of these is associated with the excessive production of 
collagen [11]. Keloid and hypertrophic scars are both types of pathological scars and 
are characterised by scars raised above skin level. They can be differentiated visu-
ally, based on the invasive property of keloidal scars to extend beyond the bounda-
ries of the initial injury and become large and thick [12]. All three types of scarring 
exhibit a noticeable reduction in skin strength, pliability, and durability of the scar 
tissue and the healed skin never regains the strength of the original skin [13]. Scars 
are also less resistant to UV radiation and inhibit the growth of hair follicles and 
sweat glands [14]. With regards to the composition of keloid and hypertrophic scars, 
these consist of abnormally large collagen bundle complexes. The collagen within 
the scar tissue is not oriented in the relaxed basket-like weave pattern associated 
with healthy tissue [15]. Hypertrophic scars are composed of randomly organised 
and partially parallel thin collagen fibres, whilst keloid scar collagen is thicker and 
is typically packed closely with less cross-linking [15]. As a result of differences in 
the local structure, movement of water molecules within the skin is affected by the 
collagen arrangement.

Accurate identification of scar type is paramount in the prescription of effective 
treatments for wound healing. Keloids are typically more difficult to treat, whilst 
hypertrophic scars may resolve partially without intervention [16]. Therefore, 
keloids usually require more aggressive treatment such as surgical excision com-
bined with steroid injection or radiation therapy [16]. Furthermore, given the pleth-
ora of scar treatments which exist, treatment prescriptions are not standardised but 
are subject to the opinion of the clinician [17]. As a result of this, methods must 
exist which can monitor the efficacy of a treatment protocol on an individual basis 
and can help inform whether a prescription should be altered.

2.2 � Current Methods of Monitoring Skin Thickness and Structure

Currently, clinicians diagnose scar types by visual inspection, relying on the sub-
jective intuition and experience of the practitioner. Typical scar measurements 
include assessment of colour changes, thickness, surface irregularities, elasticity, 
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and surface area [18]. Visual inspection suffers from a lack of objectivity and cannot 
be reliably used to determine intrinsic tissue properties, such as scar thickness and 
collagen structure.

The most common quantitative method of determining skin thickness is via his-
tological examination of a biological specimen, achieved with a skin biopsy. This 
method is primarily limited by the inconvenience and discomfort caused to the 
patient but also by the requirement for specialised laboratory equipment and training 
for specimen analysis [19]. Quantitative in vivo methods for monitoring scar thick-
ness and collagen topography include ultrasound [20, 21], Fourier-Transform Infra-
red Spectroscopy [22], Laser Microscopy [23], and Optical Coherence Tomogra-
phy [24]. A brief summary of their relative advantages and limitations is shown in 
Table 1. In this work, we propose and demonstrate an additional, novel method of 
measuring the thickness and morphology of scarred skin tissue through the applica-
tion of single-sided low-field Nuclear Magnetic Resonance (NMR).

2.3 � Low‑Field NMR for Monitoring Skin Thickness and Structure

Nuclear Magnetic Resonance (NMR) is widely used for quantitative analysis across 
a range of fields including in biomedical applications. High-field superconduct-
ing NMR spectrometers possess extremely homogeneous magnetic fields to afford 
increased resolution and signal-to-noise ratios. However, they are limited by their 
size, complexity, and the expenses associated with using superconducting magnets 
[30, 31]. Recent developments in NMR technology have prompted the production 
of low-field permanent magnet spectrometers [32] that mitigate the need for cryo-
genic cooling and its associated safety considerations and expenses. Advances in 
permanent magnet design have resulted in the design of low-field systems with mag-
net homogeneities more closely equivalent to their high-field counterparts [33] as 
well as methods to exploit engineered inhomogeneous fields for non-conventional 
approaches to, for example, Magnetic Resonance Imaging (MRI) [34]. Furthermore, 
a reduction in size has increased equipment portability, allowing for use in a variety 
of ‘bench –top’ situations [32].

With regards to medical applications, high-field MRI is ubiquitous with provid-
ing high-quality imaging of the anatomical, biophysical, and biochemical proper-
ties of organs and tissues [35]. It has also been used to probe the chemical and bio-
chemical properties of skin, including mobility of water within the skin layers [35]. 
However, MRI is limited by the expense of equipment, some limitations for imag-
ing patients with surgical implants, and long acquisition times requiring a patient 
to remain immobilised within an enclosed chamber [36]. Conversely, the applica-
tion of single-sided NMR as a medical diagnostics tool is limited by its lower mag-
netic field strength and limited penetration depth, which prevents the assessment of 
internal organs but makes it highly suitable for characterisation of skin or conditions 
close to the body’s surface [37].

The NMR Mobile Unit Universal Surface Explorer (NMR-MOUSE) is a port-
able, single-sided permanent magnet that has been deployed in a variety of appli-
cations including non-destructive testing of rubber and polymer products [38–41], 
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analysis of food and livestock [42, 43], and in the assessment and monitoring of 
historical artefacts [44, 45]. When used in combination with a mechanical lift, the 
location of NMR-MOUSE sensing region can be scanned through a range of depths 
into a sample, generating one-dimensional profiles of NMR relaxation and diffusion 
parameters. With regards to clinical applications, studies have been performed to 
measure anisotropy of the Achilles tendon [46], to profile skin depth [47], and as 
a quality control device for silicone breast implants [48]. The NMR-MOUSE has 
also been used to characterise changes in skin hydration and collagen alignment as 
a result of ageing and sun exposure [49]. To the best of the authors’ knowledge, no 
previous study has involved the use of the NMR-MOUSE for a quantitative com-
parison of the thickness and internal structure of scarred and healthy skin tissue. In 
this work, we present preliminary evidence for a novel use of single-sided low-field 
NMR for the non-invasive analysis of scar thickness and collagen properties, which 
has the potential to be deployed in clinical settings for the monitoring of scar healing 
and identification of scar type.

2.4 � Relevant NMR Theory

In this work, we only consider 1H as the active NMR nucleus. Measurement of T2 
relaxation within the inhomogeneous magnetic field of the single-sided system is 
achieved via the conventional Carr–Purcell–Meiboom–Gill (CPMG) sequence 
(Fig. 2a). Following excitation, repeated application of 180° pulses separated by an 
echo time ( te ) creates a train of n echoes, the envelope of which decays exponentially 
with T2:

where b(t)

b(0)
 is the normalised signal intensity and n refers to the nth echo of the 

CPMG pulse [50]

(1)
S(t)

S(0)
= exp

(

−
nte

T2

)

,

Table 1   Advantages and limitations of current non-invasive methods used to quantify scan thickness and 
morphology

Method Advantages Limitations

Ultrasound [25] Portable Analysis of images is subject to operator 
interpretation, limited resolution

Fourier-transform infra-red 
spectroscopy [22, 26]

Direct access to molecular 
structure information

Only accurate for surface-most layer of 
stratum corneum

Laser microscopy [23, 27] High-resolution, real-time 
measurement

Maximum scanning depth of 250 μm

Optical coherence tomogra-
phy [23, 28]

Can analyse depths up to 
2 mm

Lacks resolution to determine accurate 
thickness and structural integrity

Photoacoustic tomography 
[29]

Can be used to visualise 
vasculature structure

Requires laser system which is subject to 
stringent safety regulations
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Characterisation of the collagen structure of skin was achieved via measurement 
of the self-diffusion coefficient of water using the stimulated spin echo (SSE) pulse 
sequence (Fig.  2b). Three 90° pulses are applied followed by a standard CPMG 
pulse sequence after which the signal decays as follows:

where S

S0

 is the normalised stimulated echo signal intensity, γ is the gyromagnetic 
ratio, G is the time independent magnetic field gradient, Dapp is the apparent diffu-
sion coefficient, and T1 and T2 are the longitudinal and transverse relaxation coeffi-
cients, respectively. The time delays ( �1 and �2 ) are defined in Fig. 2.

Two parameters that are ubiquitous in the analysis of porous media [51]—sur-
face-to-volume ratio (S/V) and tortuosity (τ)—were used to characterise the colla-
gen structure. Within porous media, the molecular diffusion is suppressed and yields 
signal attenuation as a function of the surrounding geometry. The apparent diffusion 
coefficient ( Dapp ) is related to the diffusion time as a function of the surface (S) to 
volume (V) ratio of the pores as follows [52]:

where D0 is the free diffusion coefficient of the fluid and Δ is the observation time. 
At long diffusion times, this relationship approaches an asymptotic limit due to an 
increase in the number of spins interacting with pore barriers. The limit of the func-
tion is used to determine the tortuosity (κ) via the following equation [53]:

For random packed bed spherical particles, theoretical relationships can be used 
to determine pore surface-to-volume ratios and tortuosity as a function of porosity 
(ϕ) and mean particle diameter (dp) [54]

and

Equations 5 and 6 were used to determine theoretical S/V and tortuosity values of 
model spherical bead packings for comparison with values determined experimen-
tally using the NMR-MOUSE. The data points of Dapp were manually inspected to 
identify the asymptotic limit and facilitated determination of � [51]. This provided 
the proof of concept for using this method on the NMR-MOUSE to then characterise 
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the structural parameters of collagen. It is proposed that these parameters (S/V, τ) 
can be used as indicators of the relative density and alignment of collagen present, 
which should differ between scarred and healthy tissue.

3 � Materials and Methods

3.1 � Materials

Freshly dissected porcine skin was obtained from the Large Animal Facility at the 
University of Western Australia. Participants were recruited for the study, with 
matured scars obtained via a range of circumstances including cuts, burns, car acci-
dents, and sports injuries. Both the porcine and human participant studies were per-
formed in accordance with policies on animal welfare and human research ethics 
protocols at the University of Western Australia.

All experiments were performed using an NMR-MOUSE PM5 (ACT-Magritek 
GmbH, Aachen, Germany), which has an average magnetic field strength at 
the sample of 0.5  T and a flat sensing volume of approximately (10 × 10)  mm2 
transverse area and depth resolution up to 10  µm (resolution is determined by 
the NMR measurement-sequence parameters). The NMR-MOUSE used in this 
work was equipped with a high precision lift that enabled depth profiling of up 
to 5380 μm. The NMR-MOUSE was mounted on a bespoke trolley allowing the 
height and orientation of the scanner to be adjusted, so that the scanning surface 
could be brought into contact with measurement locations from the side or from 
above. This provides flexibility to scan different body regions with minimal repo-
sitioning of the participant (Fig. 1). A digital NMR spectrometer (Magritek Kea 
with Prospa software) was used for signal acquisition and analysis.

Monocrystalline diamond particles (Microdiamant, now Pureon AG) and Sili-
beads (Sigmund Lindner GmbH) were used for the model spherical bead pack-
ings. Ethanol and methanol were used as NMR sample fluids in the packings and 
were obtained from Sigma-Aldrich.

3.2 � NMR Methods

3.2.1 � T2 Profile Acquisition

A standard Carr–Purcell–Meiboom–Gill (CPMG) sequence was used to measure 
transverse relaxation data (Fig.  2a). The sequence parameters were as follows: 
32 repetitions, 1000 echoes, an echo time (te) of 48.5  μs, and a repetition time 
of 1600 ms. The total measurement time was 15 min. A profile of the skin was 
obtained by evaluating the spatially resolved decay curves as a function of depth. 
Step sizes of 50 μm and 100 μm were used between depths of 0–1200 μm and 
1200–2100 μm, respectively, with a resolution of 50 μm. The T2 values measured 
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are the effective relaxation times affected by the local magnetic field gradient 
and the diffusive properties of the sample and not the absolute relaxation values 
within a homogenous magnetic field.

3.2.2 � Time‑Dependent Diffusion Acquisition

A preliminary T2 profile was obtained to determine an appropriate dermal depth 
for diffusion measurements. Depths were selected to lie within the epidermis and 
dermis but not the hypodermis. The SSE pulse sequence (Fig. 1b) was performed 

Fig. 1   NMR-MOUSE system used in this work, showing measurement setup examples for the dorsal (top 
left) and ventral (bottom left) forearm. The NMR-MOUSE was mounted on a rotational mount and cus-
tom trolley (right), allowing it to operate over a range of orientations and heights

Fig. 2   NMR pulse sequences used in this work. a Carr–Purcell–Meiboom–Gill (CPMG) sequence for the 
determination of T2 relaxation profiles. b Stimulated Spin Echo (SSE) sequence for the determination of 
tortuosity and S/V ratio via time-dependent diffusion
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using a �1 value range of 10–60 ms. A total of 32 scans were performed with a 
repetition time of 2000 ms. Within the CPMG train, 128 echoes with echo time 
of 78.5 μs were performed. Each diffusion cycle required 10 min with a resultant 
experimental time of approximately 1 h per participant.

3.3 � Histology Methods

The time taken between dissection of the samples from a domestic pig (sus scrofa 
domesticas) and the NMR scan and skin biopsy was 45 min. Three samples were 
taken; the cheek, rump, and neck. Two NMR scans were performed per region 
and four microscope slides prepared for each sample. Briefly, the skin samples 
were fixed in 10% formaldehyde at 25 °C and embedded in paraffin. The tissue 
was micro-tomed into 5 μm thick slices and stained using haematoxylin and eosin. 
Slides were imaged using an Olympus BX-51 microscope and a 10× objective.

4 � Results and Discussion

4.1 � Determination of Skin Thickness: Proof of Concept

Determination of the accuracy of using the NMR-MOUSE to characterise skin 
thickness was performed through a comparison of results with those obtained from 
histological analysis of porcine skin. Porcine skin is ubiquitous in modelling ex vivo 
skin scarring studies due to similarity to humans in thickness, type, hair coat, and 
primary wound-healing pattern [55]. The results of the T2 relaxation profile and his-
tological analysis are shown in Fig. 3a and b, respectively.

The haematoxylin and eosin stains facilitate visual differentiation of three layers 
of skin (Fig. 3b). The epidermis is indicated by the darkest outermost layer due to 
the presence of basophilic keratinocytes [56], and the transition between this and the 
dermis is evidenced by a lightening of the stain colour. The hypodermis is charac-
terised by the white bubble which indicates the presence of adipose tissue and sur-
rounded by the lightest layer of the skin. Analysis of the T2 relaxation profiles was 
performed as follows (Fig. 3a). The first peak within the spatially resolved T2 signal 
is assumed to signal the start of the epidermis and the next data point with a T2 value 
greater than or equal to this point is indicative of the transition from the dermis to 
the hypodermis. In both methods, the epidermis and dermis were grouped together 
as the ‘skin’ layer.

A summary of the mean skin thickness of each skin section determined by both 
methods is shown in Fig.  4. For all three skin sections, the average NMR thick-
ness slightly overestimated the histological thickness. However, the results of the 
NMR and histological measurements overlap within one standard deviation in all 
three samples, indicating that the NMR-MOUSE provides comparable accuracy to 
histological studies when determining the thickness of ex  vivo porcine skin. The 
maximum percentage difference between the NMR profile and histological imaging 
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(cheek region) was 12%. However, this analysis did not account for potential shrink-
ing of the biopsy sample using formaldehyde, which can result in a reduction of 7% 
of skin thickness [49]. Figure 4 displays the results corrected for this 7% discrep-
ancy wherein the maximum deviation between the two methods is only 5%.

4.2 � Skin Thickness Human Trial

Analysis of in vivo human scars in comparison to non-scarred skin was performed to 
determine differences in the NMR profiles of each. Ten participants were screened 
and a summary of scar characteristics can be found in the Supplementary Data 
(Table S1). Figure 5 displays an example of the T2 relaxation profiles of a hyper-
trophic (a) and keloid scar (b). Keloidal scars did not demonstrate the characteristic 
T2 distribution as a function of thickness and exhibited more poorly defined transi-
tions from the skin to the adipose tissue (hypodermis). Thus, it is assumed that there 
is increased error associated with the NMR determined keloid scar thickness. Based 
on the theory that during healing, increased collagen is produced at the injury site, it 
was hypothesised that scar thickness would be greater than that of healthy skin.

Figure 6 displays the scar and healthy skin thicknesses of ten human participants. 
Detection of a thicker scarred region was found to be highly dependent on scar type 
and severity. Six of the ten participants (A–C, F–H) reported the thickness of the 
scarred region to be greater than that of the non-scared tissue. All but one of these 
scars (H) were moderately hypertrophic and differed visually in texture from the 
surrounding healthy skin. Participant H had a keloid scar, and so, scar thicknesses’ 
determination was potentially limited by the maximum penetration depth of the 
measurement (2.1 mm) which was less than the distance both scars were raised from 
the surface (3 and 5 mm, respectively). It is likely that the scan did not encompass 

Fig. 3   a T2 relaxation profile of porcine rump. b The analogous biopsy sample of porcine rump stained 
with haematoxylin and eosin (scale bar = 200 μm). Red lines on both figures delineate the epidermis and 
dermis from the hypodermis
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the full scar depth and hence lack of determination of the dermis-to-hypodermis 
transition. The observation of thicker scar tissue aligns with the theory of increased 
collagen production during wound healing.

The remaining four scars (D, E, I, and J) exhibited scars which were determined 
to be thinner than healthy skin. These results contradict the initial hypothesis and 
is attributed to challenges of scanning scars of decreased area (< 1  cm in width), 
the effect of ageing (> 8 years) on scar tissue which results in a reduction of thick-
ness as a function of time. These results suggest that NMR-MOUSE is useful for 
the determination of scar thickness of moderate hypertrophic scars, but that further 
method optimisation is required for keloid scars or for hypertrophic scars which are 
of reduced area, advanced in age or lie flat on the skin surface. This may also be 
achieved through technological advancements of the NMR hardware which have 
historically resulted in increased signal-to-noise ratios, surface penetration, and res-
olution [57].

4.3 � Determination of Skin Morphology: Proof of Concept

Assessment of the efficacy of the NMR-MOUSE in measuring molecular self-
diffusion coefficients was performed using common fluids of known self-diffusion 
coefficients. Table  2 displays the results of the NMR determined self-diffusion 
coefficients in comparison to literature values. Deionised water and methanol 
exhibited self-diffusion coefficients within 1% of the literature values, whilst eth-
anol demonstrated a 15% deviation from literature values. This is potentially due 
to evaporation or contamination during measurement as the fluid was left in an 
open container.

Fig. 4   Average thickness of epidermal and dermal ‘skin’ layer obtained from biopsy and NMR measure-
ments. White regions within the biopsy sample bars account for a 7% formaldehyde-induced tissue thick-
ness shrinkage which rationalises the difference between results obtained by the two methods
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Proof of the efficacy of the NMR-MOUSE in determining surface-to-volume 
(S/V) ratios and tortuosity (τ) was determined using silica beads and microcrystal-
line diamonds with theoretically determined parameters. Figure 7 shows the time-
dependent diffusion coefficient measurements of these randomly packed spherical 
particle beds. Two characteristic limits are displayed by the dashed and straight 
lines. Interpolation between the two limits yielded the expected tendency for time-
dependent diffusion [54]. At short Δ values, the apparent diffusion coefficient 
decreases due to the free diffusion of water molecules which is governed by the S/V 
ratio of the pores. At long Δ, the apparent self-diffusion coefficient does not vary at 
a function of Δ, from which tortuosity is determined. A summary of results obtained 
for each packed bed is shown in Table 3.

Table  3 emphasises the quantitative agreement of the theoretical and experi-
mental values. Less than 10% deviation between the S/V ratio and tortuosity are 
observed emphasising the utility of time-dependent diffusion measurements in infer-
ring the morphological characteristics of porous structures. Therefore, this method 

Fig. 5   T2 relaxation profiles of human participants with a hypertrophic and b keloid scars compared to 
healthy tissue. Hypertrophic scars indicate well delineated transitions from the epidermal-to-hypodermal 
region, whilst keloid scars do not. This is due to limited penetration depth of the NMR-MOUSE

Fig. 6   Summary of skin thickness of healthy and scarred skin of human participants. All participants 
except participant H had hypertrophic scars
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is suggested to be valid for use in determining the structural parameters of collagen 
in human participants.

4.4 � Skin Morphology Human Trial

4.4.1 � Regional Skin Comparison

Determination of the effect of skin location on tissue morphology was performed 
via analysis of healthy skin of one participant in three locations. Figure 8a displays 
the T2 relaxation profiles obtained from three locations of healthy skin upon the 
same participant: the forearm ventral, forearm dorsal, and elbow. A dermal depth 
of 1000 μm was determined to coincide with the epidermal and dermal section of 
all three regions and so was chosen for subsequent morphological measurements. 
The subsequent diffusion profiles are shown in Fig. 8b with S/V ratios and tortuosity 
parameters summarised in Fig. 8c.

Figure  8a highlights the significant difference between the elbow and the two 
forearm skin regions wherein no hypodermal section is clearly identifiable from the 
depth profile. This suggests that the epidermal–dermal region in the elbow is thicker 
than the other two locations tested. Skin on the elbows is typically thicker than other 
locations on the arm due to increased friction with the environment, hence why no 

Table 2   Comparison of theoretical self-diffusion coefficients of selected solvents and those obtained 
using the SSE pulse sequence on the NMR-MOUSE ± one standard deviation

Sample Theoretical self-diffusion coefficient 
(× 10–9 m2 s−1)

Experimental self-
diffusion coefficient 
(× 10–9 m2 s−1)

Deionised water 2.3 [58, 59] 2.3 ± 0.1
Methanol 2.37 [60] 2.38 ± 0.14
Ethanol 1.01 [61] 1.17 ± 0.2

Fig. 7   Time dependent diffusion coefficient measurements in samples of randomly packed spherical par-
ticles. a 20–30  μm monocrystalline diamond particles; b 90–150  μm Silibeads. The theoretical short, 
long, and interpolated time limits are indicated on the respective figures by the black dashed, red and 
black lines respectively
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hypodermis was detected in the depth profile (Fig. 8a). The reduced cell turnover on 
the elbows is hypothesised to result in the formation of stratified layers of dead skin 
cells. These stratified layers would exhibit reduced porosity and associated param-
eters, and hence the observed decrease S/V ratio and tortuosity. Differences between 
the ventral and dorsal forearm are minimal—with the ventral forearm exhibiting tor-
tuosity and S/V ratios which are 4 and 10% larger, respectively. This suggests that 
the collagen on the ventral forearm is increasingly dense. The elastic modulus of 
the dermal layer has been shown to be positively correlated with collagen density 
[62]. Therefore, it is hypothesised that the increased density measured is such that 
it affords increased resistance to elastic deformation which provides protection to 
the two major arteries (radial and ulnar) which reside along the ventral side of the 
forearm.

4.4.2 � Healthy and Scarred Skin Comparison

Differences in morphology of healthy and scarred skin were investigated through 
NMR diffusion measurements of respective tissues of eight human participants. A 
summary of selected scar characteristics can be found in the Supplementary Data 
(Table S2). The T2 relaxation profiles were obtained to ensure correct choice of der-
mal depth for morphology measurements and identified five hypertrophic and three 
keloid scars (Participants L, N, Q) within the sample set. Figure  9a summarises 
the percentage difference in the S/V ratio and tortuosity of scarred skin relative to 
its healthy counterpart. For each participant, good discrimination between scarred 
and healthy tissue was achieved with scarred skin displaying decreased S/V ratios 
and tortuosity values. This is in agreement with the theory of scar formation which 
entails the formation of partially aligned collagen with a less-restricted environment 
for the diffusion of water molecules. This change in morphology would qualitatively 
be expected to correlate with larger, increasingly stratified pores which are inher-
ently less tortuous and have a smaller surface-to-volume ratio.

Table 3   Comparison of NMR 
determined and theoretical 
S/V and κ parameters for 
monocrystalline diamond 
particles and silica Silibeads

Percentage deviations of less than 10% are determined for each 
parameter

20–30 μm Monocrystalline 
diamond particles

90–
150 μm 
Silibeads

Mean diameter (μm) 24.0 112.5
Porosity 0.375 0.375
Estimated  S/V  (m−1) 399,000 96,450
Theoretical  S/V  (m−1) 417,000 88,890
% Deviation  S/V 4.40% 8.20%
Estimated κ 1.64 1.49
Theoretical κ 1.63 1.63
% Deviation κ 0.50% 8.90%
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These measurements also facilitate a comparison of the different scar types, 
assessment of the variation in thickness, S/V ratio, and tortuosity of hypertrophic 
and keloid scar. Figure 9b displays a 3D stem plot, plotting all three of these abso-
lute variables for the scarred tissue of each participant. No correlation between scar 
thickness and S/V ratio and scar type is observed from the data. This is not unex-
pected given the small sample size and the significant variation in the location, age 
of participant, and age of scar in the sample set. However, the three keloid scars 
(red) (participants M, O, and R) exhibited a consistent tortuosity value of 2.7 which 
is larger than the values obtained for all the hypertrophic scars. This may implicate 
a relatively coherent wound-healing pattern and provides preliminary evidence for 
the use of this method to detect keloid scars. The reason governing this increase in 
tortuosity is hypothesised to be due to the increased prevalence of arborizing ves-
sels within keloid scars. Such vessels are characterised by a stem vessel attached to 
irregular, tree-like branching vessels [63]. Dermascopic analysis, which facilitates 
visual inspection of the dermis and epidermis [64], has shown that arborizing ves-
sels are increasingly prevalent in keloid scars [65]. Given the intrinsically tortuous 
nature of such vessels, it is not unexpected that such scars exhibit higher tortuosity 
than the hypertrophic scars in this sample, despite variations in thickness and S/V 
ratio.

Fig. 8   NMR-MOUSE analysis of skin as a function of location. a T2 relaxation profiles, b diffusion pro-
files, and c calculated surface-to-volume ratios and tortuosities. Data shown in both b and c was acquired 
at a depth of 1 mm. Decreased S/V and tortuosity is indicative of the stratified layers present on the elbow
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4.5 � Future Work and Clinical Relevance

The results of this preliminary study indicate the efficacy of the NMR-MOUSE in 
characterising the thickness and structure of collagen of different regions of the 
human body and, as a potential method of discriminating between keloid and hyper-
trophic scars. The relevance of these results to clinical use includes use of the NMR-
MOUSE to aid in the classification of scar type (hypertrophic or keloidal) and to 
monitor scar thickness and collagen structure as a function of time to confirm heal-
ing. However, future work to corroborate the results of this work include increas-
ing the sample set and in comparing the results obtained with the NMR-MOUSE to 
other quantitative methods. Furthermore, extension of the capabilities of the equip-
ment is desirable as measurements are currently limited to analysing the limbs and 
measurements take approximately 1 h. Optimisation of these factors could facilitate 
analysis of scarring on a larger region of the body and reduce discomfort experi-
enced by the participant. Potential increases in the scope of the application of the 
NMR-MOUSE include assessment of its efficacy on detecting thickness and mor-
phological differences between healthy skin and skin cancers. It may also be use-
ful in monitoring skin properties, particularly collagen structural properties, with in 
response to ageing or topical application of creams or oils.

5 � Conclusion

The results of this study confirm the efficacy of using portable low-field NMR 
(NMR-MOUSE) to characterise the thickness and collagen structure of healthy and 
scarred skin. Acquisition of T2 relaxation profiles of porcine skin demonstrated it 
to be as effective as histological studies for identifying the thickness of skin. These 
profiles were also demonstrated to provide differentiation of the thickness of healthy 

Fig. 9   a Percentage difference between the S/V ratio and tortuosity of scarred and healthy human skin. 
All scars demonstrate a decrease in S/V ratio and tortuosity relative to the healthy tissue. This is indica-
tive of less-restricted pore spaces due to the partial alignment of collagen during the scarring process. b 
3D stem plot of scar thickness, S/V ratio, and tortuosity coloured by scar type—hypertrophic (black) and 
keloid (red). Whilst scar thickness and S/V ratios exhibited no correlation to scar type, all three keloid 
scars had higher tortuosities
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skin with that of moderate-to-severe hypertrophic scarring. Time-diffusion measure-
ments of water molecules within the skin facilitated determination of the S/V ratio 
and tortuosity of the collagen matrix. This method successfully discriminated dif-
ferences in the structural characteristics of different regions of the body which sup-
ported qualitative rationale. It also highlighted pathological differences between 
scarred and healthy skin, with the formation of larger pores and less densely packed 
collagen within scar tissue, indicated by decreased tortuosity and S/V ratios. Pre-
liminary measurements suggest that both T2 relaxation and diffusion measurements 
could be used to differentiate keloid and hypertrophic scarring, but further work 
is required to confirm this. These results successfully establish the NMR-MOUSE 
as an accurate diagnostic tool to non-invasively analyse the thickness and internal 
structure of human skin which could help to facilitate the prescription and monitor-
ing of scar treatment within a clinical setting.
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