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Abstract: Safe and accurate placement of pedicle screws remains a critical step in open and 
minimally invasive spine surgery. The diffuse reflectance spectroscopy (DRS) technique may 
offer the possibility of intra-operative guidance for pedicle screw placement. Currently, 
Magnetic Resonance Imaging (MRI) is one of the most accurate techniques used to measure 
fat concentration in tissues. Therefore, the purpose of this study is to compare the accuracy of 
fat content measured invasively in vertebrae using DRS and validate it against the Proton 
density fat fraction (PDFF) derived via MRI. Chemical shift-encoding-based water-fat 
imaging of the spine was first performed on six cadavers. PDFF images were computed and 
manually segmented. 23 insertions using a custom-made screw probe with integrated optical 
fibers were then performed under cone beam computer tomography (CBCT). DR spectra 
were recorded at several positions along the trajectory as the optical screw probe was inserted 
turn by turn into the vertebral body. Fat fractions determined via DRS and MRI techniques 
were compared by spatially correlating the optical screw probe position within the vertebrae 
on CBCT images with respect to the PDFF images. The fat fraction determined by DRS was 
found to have a high correlation with those determined by MRI, with a Pearson coefficient of 
0.950 (P< 0.001) as compared with PDFF measurements calculated from the MRI technique. 
Additionally, the two techniques were found to be comparable for fat fraction quantification 
within vertebral bodies (R2 = 0.905). 

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Spinal fusion surgeries are on the rise all over the world due to aging populations and a trend 
towards accepting elderly patients with increasingly complex medical histories [1,2]. During 
spinal fusion surgery, pedicle screws are commonly placed into the vertebrae to serve as 
anchoring points for rigid constructs, in order to fuse parts of the spine [3]. Inaccurate 
placement of pedicle screws could potentially lead to severe vascular and neurological 
injuries in patients [4–6]. Adding to the complexity of the procedure, minimally invasive 
surgeries (MIS) are rapidly increasing and might involve more than half of all spinal 
procedures by 2020 [7]. MIS procedures, significantly reduce blood loss, shorten hospital stay 
and decrease surgical site infections [8–13]. MIS is performed through a series of small 
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incisions, and requires guidance techniques to compensate for the limited visibility of 
important anatomical landmarks. There are several guidance techniques for accurate and safe 
pedicle screw placement. These include navigation systems and other non-imaging based 
techniques [14]. Pedicle screws could be placed by free-hand-technique or fluoroscopy-
guided techniques, where the surgeon relies on experience, tactile feedback, and identifying 
anatomical landmarks. However, the accuracy rates of pedicle screw placement as reported in 
the literature are as low as 27.6% and as high as 96.5% based on a meta-analysis by 
Kosmopoulous et al. [15]. A more recent meta-analysis study found an accuracy range of 50-
92% [16]. These inaccuracies translates into screw revisions being needed in 6.0% of 
operated patients, according to a recent systematic review by Staartjes et al. [17]. Therefore, 
there is a need for more reliable and cost-effective solutions for increasing the accuracy and 
safety in the placement of spinal screw implants during spinal fusion surgery. 

Diffuse reflectance spectroscopy (DRS) may offer the possibility of intra-operative 
guidance of surgical instruments or implants by determining fat and water content in vertebral 
bone in real-time along the screw path. The quantification of fat content relative to water 
content from DR spectra or Diffuse Reflectance-based Fat Fraction (DRFF) has been studied 
extensively by previous researchers [18–21]. Previously, the DRS technique has been used for 
fat fraction quantification in tissue types such as liver and breast for early diagnosis of 
nonalcoholic fatty liver disease and tumor detection [21–23]. The use of a custom-made 
screw probe with integrated fiber-optics to perform image-guided insertions in an ex vivo 
(human) setting has previously been described [24]. The optical screw probe was inserted into 
the vertebrae and with each turn, the local fat content of the bone at the probe tip was 
measured in real-time. It was found that fat content was a good discriminator for cancellous 
and cortical bone. Moreover, the probe could be used to predict the transition between the two 
bone types and thereby potentially be used to prevent pedicle screws from breaching the 
cortical border [24]. 

A logical next step is to get a better understanding of the variation of DRFF within 
vertebrae of patients who undergo spinal fusion surgery, as this is pivotal in the development 
of a robust optical guidance technique for pedicle screw placement procedures. 

Currently, Magnetic Resonance Spectroscopy (MRS) and Magnetic Resonance Imaging 
(MRI) are the most common techniques used to non-invasively measure fat concentration in 
vertebral bone tissues [25–36]. The quantitative assessment of fat fraction in vertebral bone 
has multiple clinical applications, including the characterization of bone health for evaluating 
conditions such as osteoporosis [28,33,34,37] diagnosis of metabolic disorders such as 
obesity and diabetes [32,38]; and cancer [39,40]. Proton density fat fraction (PDFF) is the de 
facto standardized MR-based biomarker for the determination of tissue fat concentration 
measured via MRI, and is considered to accurately reflect the concentration of fat in tissues 
[25,41]. Extensive clinical literature on PDFF measured non-invasively in vertebrae across 
patient cohorts of spinal fusion surgery, might help in providing crucial insights into the 
variation in DRFF measured along the optical screw path by the DRS technique. However, in 
order to do so, the DRFF would have to be benchmarked against the PDFF. 

Therefore, the purpose of this study is to compare the accuracy of fat fraction measured 
invasively in vertebrae by the DRS technique (DRFF) and benchmark it to the PDFF 
parameter measured non-invasively via MRI. 

2. Methods 

2.1. Spinal tissues 

A cadaver-based experiment was conducted at the Cincinnati Children’s Hospital Medical 
Center, Ohio, United States. The donors allowed their bodies and body parts to be used for 
research and educational purposes. All ethical guidelines for human cadaver studies were 
followed. The characteristics of the studied cadavers (5 female, 1 male) are depicted in Table 
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1. No embalming process was used, neither were any of the cadavers frozen, in order to 
preserve the optical properties of the cadaver specimens. 

Table 1. Cadaver information. 

Cadaver # Gender Age 
(years) 

Weight 
(kg)b 

1 Female 92 82 
2 Female 82 77 
3 Male 78 82 
4 Female 53 77 
5 Female a 79 68 
6 Female 83 77 
aCause of death: malignant neoplasm. bWeights are 
estimates 

2.2. Measurement protocol 

2.2.1. Magnetic resonance imaging 

The entire spine of the cadavers was scanned on a 1.5 Tesla (T) whole-body scanner (Ingenia, 
Philips Healthcare, Best, Netherlands) while placed in the prone position on the table coil 
array. To obtain whole spine coverage, the MR exam consisted of three sagittal 3D spoiled 
gradient echo sequences placed on the cervical, thoracic and lumbar spine, respectively. The 
temperature of the cadavers was maintained close to room temperature prior to scanning. 

A three-dimensional (3D) six-echo spoiled gradient-echo sequence was used for chemical 
shift-encoding-based water-fat separation. The typical imaging parameters used in this study 
were: 45-60 sagittal slices with a slice thickness of 3 mm; AP and FH field of view = 220-310 
and 240-350 mm; in-plane resolution = (0.45-0.67) × (0.45-0.67) mm; flip angle = 5 degrees; 
TR = 9.9-15.87 ms; TE1 = 1.41-1.43 ms; ΔTE = 1.2 ms; total scan time per cadaver was 
approximately 5-10 minutes. 

2.2.2. Diffuse Reflectance spectroscopy 

The DRS system consists of a tungsten halogen broadband light source (360 – 2500 nm) and 
optical spectrometers as shown in the schematic diagram of Fig. 1. The spectrometers 
collectively cover the visible, near-infrared and shortwave infrared wavelength range; the first 
spectrometer resolves light in the visible (Ocean Optics Maya2000Pro), while the second 
resolves light in the infrared wavelength range (Ocean Optics NirQuest), together resolving 
the light between 400 to 1600 nm. An in-house developed LabVIEW software (National 
Instruments, Austin, Texas) was used to control the spectrometers and acquire the data. The 
DRS system used in this study has been thoroughly described previously, along with the 
calibration procedure [19,20,42]. 

The custom-made optical screw probe (diameter: 5.5 mm) used to obtain DR spectra is 
illustrated in Fig. 1. The optical screw probe consisted of two optical fibers with core 
diameter of 200 µm. One of the fibers was used to transport the light from the source to the 
tissue, while the second fiber was used to transport the diffusely reflected light from the tissue 
to both spectrometers. The center-to-center distance between the collecting fiber and the 
delivering fiber was set at 1.22 mm as shown in Fig. 1. In previous work, a good trade-off 
was found between signal-to-noise ratio and probing depth based on a fiber-to-fiber distance 
of around 1.2 mm. The fiber distance was also chosen based on the largest penetration depth 
achievable, which was bounded by the optical screw probe diameter and manufacturing 
tolerances, in order to house the fibers in the screw. 
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Fig. 1. Schematic of the experimental setup. Turn-by-turn insertion of the optical screw probe 
with DR output spectra recording performed by the DRS system under intraoperative cone 
beam computer tomography (CBCT) acquisitions. 

After the MR exam, the cadavers were transferred to an operating table and placed in 
prone position. The spine was exposed using a midline approach. A total of 23 insertions 
were performed in six cadavers across levels ranging from cervical (C2) to lumbar (L5) using 
the optical screw probe. DR spectra were recorded at several positions along the trajectory, as 
the optical screw probe was inserted turn-by-turn into the vertebral body (Fig. 1). Five to ten 
DR spectra were acquired per turn. Subsequently, cone beam computer tomography (CBCT) 
images (AlluraClarity FD20; Philips Healthcare, Best, the Netherlands) were acquired at 
regular intervals based on the approximate probe positions within vertebral body. CBCT’s 
were also acquired whenever a change in DRS readings were encountered to increase the 
likelihood of capturing all relevant positions within the vertebral body. The number of CBCT 
images acquired per insertion were 5-10. 

2.3. Determination of fat fraction in vertebral bones 

2.3.1. Proton density fat fraction 

The scanner image reconstruction was utilized to obtain fat and water images using a DICOM 
image viewer software (Philips DICOM viewer R3.0-SP04, Philips Healthcare, Best, The 
Netherlands). The water—fat separation was based on a complex seven-peak water—fat 
spectral model. Based on the fat (F) and water images (W), PDFF was thus calculated as: 

 [ ] % 100.
 

F
PDFF

F W
= ×

+
 (1) 

In order to validate the PDFF images for accurate fat fraction quantification, a phantom of 
known fat fraction values ranging from 0 to 100% (Calimetrix Fat fraction Phantom (Model 
100), Sl no. F0008100) was scanned three times using the scatter settings mentioned above. 
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The averaged PDFF measurements from multiple phantom scans were then compared to 
known fat fraction values of the phantom. 

In order to calculate the anatomical variation of vertebral body PDFF distribution across 
all spinal levels, manual determination of the vertebral bone marrow fat fraction was 
performed by placing circular regions of interests (ROIs) on the PDFF map on three most 
central slices per vertebral level from C3 to L5. Each ROI was placed in the ventral half of 
the vertebrae, equidistant to both the endplates, and covering two-thirds of the vertebral body 
height. 

2.3.2. Diffuse reflectance fat fraction 

A modified version of the model developed by Farrell et al. [43] was used to extract tissue 
optical properties from the measured spectra. The absorption coefficient μa(λ) and reduced 
scattering coefficients μs’(λ) were extracted from the model expressed in cm−1. From the 
known wavelength-dependent absorption coefficients and fiber distance between the emitting 
and collecting fibers, the amount of fat [%] and water [%] present in the tissue probed locally 
were determined following a procedure as previously described by the group [17,41]. DRFF 
was calculated as follows: 

 [ ]  
  %  100.

Fat
DRFF

Fat Water
= ×

+
 (2) 

2.4. Fat fraction correlation scheme between PDFF and DRFF determination 

2.4.1. Vertebral body region correlation 

In order to compare the DRFF and PDFF, the spatial location of the optical screw probe 
within the vertebral body was correlated with respect to CBCT images and PDFF images. 
First, a suitable image slice showing the location of the optical screw probe within the 
vertebral body was selected by a trained physician by toggling through the sagittal, axial and 
coronal slices of the CBCT data sets. A CBCT image showing the optical screw probe in a 
sagittal slice of one such insertion is shown in Fig. 2a. By identifying and matching 
anatomical landmarks and features in the CBCT image, the corresponding PDFF image was 
then selected. Manual determination of the vertebral bone marrow fat fraction was performed 
by placing circular regions of interests (ROIs) in the PDFF image as shown in Fig. 2b. The 
radius of the circular ROI was set between 2.7- 3.0 pixels. The ROI radius was calculated 
based on the approximate linear distance travelled by the optical screw probe due to 1-2 
consecutive turns from the position found in the CBCT image. Thus, spatially correlating the 
PDFF pixels with DRFF probing volume. The average PDFF, standard deviation (SD), 
standard error (SE) from all pixels lying within the circular ROI were extracted and compared 
to DRS measurements. 

2.5. Statistical analysis 

The data obtained from each technique was tested using the Jarque-Bera test for normality 
[44] and was found to come from a normal distribution. Thus, the estimated fat fractions are 
calculated as mean ± SD and SE. 

A one-sample t-test was applied to evaluate whether fat fraction obtained via DRS is 
significantly different from fat fraction obtained via MRI. Pearson correlation coefficient was 
used to assess the linearity in the estimated fat fraction determined by DRS as compared to 
PDFF values determined by MRI. Pairwise linear regression fits were also performed to 
assess the relation of fat fraction estimation between DRS and MRI. SE values were taken as 
weighing factor in the linear regression fits based on the maximum likelihood estimation 
statistical technique [45]. For each regression coefficient, a 95% confidence interval was also 
calculated. 

                                                                      Vol. 10, No. 8 | 1 Aug 2019 | BIOMEDICAL OPTICS EXPRESS 4320 



 

Fig. 2. (a). Sagittal slice showing optical screw probe within vertebral body. (b) MR image 
depicting circular ROI placement for PDFF extraction. Thick dashed line illustrates trajectory 
of optical screw probe. *ID = Intervertebral disc. 

3. Results 

3.1. Phantom fat fraction measurements 

PDFF values calculated via MRI were found to be statistically similar to the known fat 
fraction values of the reference phantom (P = 0.187). MRI for PDFF quantification showed a 
very high correlation with Pearson coefficient above 0.990 (P<0.001), as compared to known 
reference phantom fat fraction measurements as depicted in Fig. 3. 

3.2. Cadaver fat fraction measurements 

Figure 4 shows the correlation of PDFF versus DRFF. The DRFF values were found to be 
statistically similar to the PDFF values (P = 0.969). DRFF was found to have high correlation 
with Pearson coefficient of 0.950 (P< 0.001) as compared to PDFF measurements. 
Additionally, based on the linear regression coefficient (R2 = 0.905), the results of the two 
techniques were highly correlated. 

Figure 5(a)-(f) illustrate the spatial variation of vertebral fat fraction along the spines of 
six cadavers studied according to the MRI measurements. PDFF averaged over cervical, 
thoracic and lumbar regions of the spine for all cadavers is given in Table 2. 

 

Fig. 3. Correlation plot depicting PDFF determined via MRI as compared to known phantom 
fat fraction measurements. 
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Fig. 4. Correlation plot depicting mean and standard error of fat fraction determined by DRS 
versus MRI Imaging. Correlation of fat fraction between two techniques in vertebral body 
region of the vertebrae. Error bars indicate SE. 

4. Discussion 

In the present study, we evaluated the measurements of fat fraction, determined by the DRS 
sensing technique during insertion of a custom-made optical screw probe into the vertebrae of 
six human cadavers. These measurements were compared with ex vivo MRI measurements, 
which is the clinically standardized technique for non-invasive fat fraction measurements in 
biological tissues [46]. 

Fat fraction quantification within vertebral body regions of the spine using the DRS 
technique, showed to be in good agreement with values obtained by MRI technique. The error 
bars arising from the fat fraction measurement via the MRI technique are a consequence of 
variation of fat fraction within the chosen region of interest on the PDFF images. The source 
of variation indicated by the error bars in Fig. 4 can be attributed to inherent heterogeneities 
within vertebrae especially due to random distribution of triglyceride (fat) storage sites within 
the trabecular structure of cancellous bone [47]. The source of variation in DRFF can also be 
linked to the inherent heterogeneities of vertebral bone samples since, each DRS mean and 
SE value is based on two to three unique measurement positions of the probe tip within the 
bone. Uncertainties also arise from the assumptions made by the Farrell model used to 
quantify fat fraction from the DRS signal [19]. 

It is worth noting that there is a fundamental difference between how fat fraction is 
determined via the MRI and DRS technique. The MR signal and assumed signal model 
reflects a tissue property referred to as proton density. It aims for the proton density of only 
triglycerides and water, respectively. Whereas, the DR signal model reflects the tissue 
property based on the interactions of photons within the finite volume of tissue probed 
locally. Although PDFF is capturing a fundamentally different property as compared to 
DRFF, the measured properties should highly correlate with each other as they attempt to 
measure similar tissue properties. 

The PDFF distribution within the vertebral body across L1-L5 lumbar levels of the spine 
was found in the range of 40 – 62% across all cadavers with an exception of cadaver 5 (Fig. 
5a-f). These cadavers had a mean age of 78 years (Table 1). Cadavers studied in the ex vivo 
setting in this study belonged to the older adults patient cohort. This patient cohort is the most 
common cohort for spinal surgery, suffering from back pain due to a wide variety of 
indications including degenerative disorders such as degenerative disc disease, spinal 
stenosis, spondylolysis, spondylolisthesis [48] and vertebral fractures [49]. 
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Fig. 5. Anatomical variation of vertebral body PDFF across whole spines of six cadavers. The 
dotted line represents the mean fat fraction across cervical to lumbar vertebral levels. 

Table 2. Mean ± SD of vertebral body region PDFF averaged over cervical, thoracic and 
lumbar vertebral levels according to MRI measurements. 

Levels Cadaver 1 Cadaver 2 Cadaver 3 Cadaver 4 Cadaver 5 Cadaver 6 
C3-C7 54.7 ± 3.9% 48.2 ± 4.9% 41.2 ± 2.2% 48.7 ± 5.3% 17.7 ± 1.4% 45.6 ± 4.8% 
T1-T6 51.4 ± 2.7% 46.5 ± 3.7% 36.6 ± 11.6% 51.0 ± 2.3% 15.9 ± 0.6% 43.4 ± 1.3% 
T7-T12 51.5 ± 4.6% 45.3 ± 5.1% 48.8 ± 3.1% 53.4 ± 4.3% 17.2 ± 0.7% 51.3 ± 1.9% 
L1-L5 61.4 ± 3.9% 61.7 ± 4.2% 39.9 ± 23.6% 62.1 ± 4.4% 20.2 ± 0.6% 58.4 ± 6.7% 
All levels 54.5 ± 5.4% 50.0 ± 7.8% 41.7 ± 12.8% 53.6 ± 6.3% 17.6 ± 1.8% 49.5 ± 6.9% 

 
Kuhn et al. [50] measured the PDFF of 51 men and women (mean age = 69.7 ± 9 years) 

from four levels (L1-L4) and found the average PDFF to be equal to 57.7 ± 14.4% in all 
patients. Patients whose vertebral bodies were osteoporotic had a significantly higher PDFF 
(mean PDFF = 62.4 ± 11%) compared to patients with healthy vertebrae (mean PDFF = 56.3 
± 14.8%). A similar study conducted by the group of Yeung et al. [51] found the same ball 
park of PDFF between healthy and osteoporotic patients. Schwartz et al. [52] measured bone 
marrow fat in an Icelandic population, from four vertebral levels (L1-L4) of 257 men and 
women (mean age = 79 ± 3.1 years), using the MRS technique. They found the mean fat 
fraction to be equal to 53.5% ± 8.1% in men and 55.0% ± 8.4% in women. 

The PDFF measured non-invasively in these older patient cohorts’ indicate differences in 
fat content in vertebrae due to gender and diseases such as osteoporosis. However, the range 
of PDFF measured in these patients in an in vivo setting were found to lie within the range of 
40-62% of PDFF measured in the ex vivo human setting in this study. 

Cadaver5 was found to have lower PDFF compared to the rest of the cadavers studied. 
The patient was found to suffer from malignant neoplasm of the esophagus, which might have 
been the cause of the low PDFF found across all spinal levels. Patients with active 
malignancy would have a higher chance of perioperative complications [53] and would be 
less likely to be considered for spinal fusion surgery. Still, in cases of malignances, the DRS 
technique needs to be further investigated before its use in a clinical setting. 

Cadaver3 was found to have low fat fraction within the vertebral body of T3, L4 and L5 
(Fig. 5c) using the method described in this study. It should be noted, however, that these 
vertebrae showed a clear pathology and altered anatomy based on water and fat MRI images. 
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Thus, the measurements were most likely not representative of vertebral body tissue at all. 
Possible reasons for this could be an underlying malignancy or posterior vertebral scalloping, 
an effect of a multitude of different conditions including dural ectasia and intraspinal tumors 
deforming the vertebra [54]. 

Another patient cohort who undergoes spinal fusion surgery are adolescents suffering 
from spinal deformities. Adolescent Idiopathic Scoliosis (AIS) is a structural three-
dimensional deformity of the spine that affects children during puberty [55]. In cases of 
severe deformity, surgical intervention is needed and typically involves instrumentation at 
multiple vertebral levels in both the thoracic and lumbar spine. None of the cadavers in this 
study belonged to this patient cohort. However, Ruschke et al. [56] measured the PDFF of 93 
otherwise healthy children whose ages ranged between 9 and 18 years. They found the 
variation of PDFF in this patient cohort to be between 19% (at C3) and 40% (at L5) with a 
mean PDFF of 33.8%. 

Therefore, based on in vivo human PDFF measurements across these MR studies, 
variation of fat fraction due to age, gender, vertebral levels and diseases exists [30,56,57]. 
Moreover, variations of fat fraction across the two patient cohorts’, older adults and 
adolescents also exists. 

Exploring the performance of DRS closer to the cortical bone than was measured in this 
study would be of interest for verifying it in the context of detecting the cortical border. 
However, such measurements introduce significant measurement inaccuracies when trying to 
correlate the position of probe in the CBCT (hence, the DRFF) to the precise location of 
cortical bone boundary ahead of probe in the PDFF image. Therefore, for the purpose of this 
study, we focused on correlating fat fraction values in areas where spatial correlation was less 
sensitive to errors. In future studies, it will therefore be of interest to further investigate the fat 
correlation close to or at the cortical border. 

Our study had some limitations. Identification of the appropriate PDFF sagittal slice based 
on position of the optical screw probe within the bone from CBCT images was performed 
manually. An automated algorithm to fuse PDFF images with CBCT images in order to 
precisely match the probe position within the PDFF map might be a superior approach. Fat 
fraction maps were segmented manually. An automatic segmentation algorithm might be 
preferable. However, the method of fat fraction quantification via MRI was reproduced based 
on studies by previous researchers [30,56]. The assumed water-fat model for the calculation 
of PDFF does not correct for temperature shifts and may also be prone to potential model 
mismatches. However, the expected bias is expected to be low as the validation of PDFF 
measurements were performed using a calibration phantom. 

Previously, Meritt et al. [58] used a combination of frequency-domain and steady-state 
optical spectroscopy system to compare the fat fraction with MRI on emulsion phantoms. 
They used a wavelength window of 650-1000 nm range and found a high correlation between 
the two techniques as well. Nachabe et al. [21] used an even wider wavelength window of 
450-1800 nm for benchmarking the spectroscopy technique with MRS in liver of mice and 
found a high Pearson’s correlation coefficient of 0.993. However, to the best of our 
knowledge this is the first study to validate the invasive DRS technique against the MRI 
technique in order to use fat fraction as a sensing parameter for instrument breach detection 
during spinal fusion surgery. 

In our study, the distribution of fat fraction in the vertebral body across all vertebral levels 
was found to be in the range of 41.7-54.5% (Table 2) in the older adult cohort. 

However, for the DRS technique to measure fat fraction along the screw path, the 
technique would have to accommodate for the variation in fat fraction within the vertebral 
body region due to age, gender, vertebral levels and comorbidities. These factors could be 
used as classification categories during the development of the breach detection algorithm. 
For instance, the apparent large differences in fat fraction ranges between older patient cohort 
and the young adolescent cohort should be taken into account by possibly adapting the fat 
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fraction thresholding window manually or by incorporating artificially intelligent data-driven 
statistical techniques into the sensing algorithm. Moreover, in a previous study [23] we 
showed that apart from fat fraction, blood content and photon scattering might also be useful 
parameters for breach detection; however, further studies are required to strengthen this 
claim. 

Successful adoption of the DRS technique into the surgical theatre depends on its clinical 
usefulness in relation to other currently used methods for improving accuracy. These methods 
include 3D navigation and robotics [59–62]. They have both been shown to improve accuracy 
and to decrease revision surgery rates compared to the free-hand technique. However, even 
though these technologies improve the accuracy there is still a remaining share of misplaced 
screws [17,63,64]. DRS would provide an additional, and different, approach to reducing the 
rate of misplaced screws. Where navigation and robotics improve spatial orientation, DRS 
would provide a warning that there was a tissue change. This means DRS implementation in 
surgical instruments could be an adjunct to other technologies to further increase accuracy. 
Where costs are of great importance, DRS could also prove to be a more cost-effective 
solution, compared to the large investments needed for navigation and robotics, as a stand-
alone technical aid. Investigating the value of the DRS technique as a breach detection tool in 
the clinical environment will be part of future studies. 

5. Conclusion 

This study investigated the potential of DRS for fat fraction quantification in vertebrae. The 
technique was validated against a highly accurate non-invasive technique for fat fraction 
quantification namely MRI. Thus, we hypothesize that optical fibers integrated into a surgical 
instrument can accurately measure fat content within vertebrae and might therefore be used as 
a promising breach detection tool during pedicle screw placement procedures. 
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