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Abstract. Diffuse reflectance spectroscopy (DRS) represents a quantitative, noninvasive, nondestructive
means of assessing vascular oxygenation, vascularity, and structural properties. However, it is known that
such measurements can be influenced by the effects of pressure, which is a major concern for reproducible
and operator-independent assessment of tissues. Second, regular calibration is a necessary component of
quantitative DRS to account for factors such as lamp decay and fiber bending. Without a means of reliably con-
trolling for these factors, the accuracy of any such assessments will be reduced, and potentially biased. To
address these issues, a self-calibrating, pressure-controlled DRS system is described and applied to both a
patient-derived xenograft glioma model, as well as a set of healthy volunteers for assessments of oral mucosal
tissues. It was shown that pressure had a significant effect on the derived optical parameters, and that the effects
on the optical parameters were magnified with increasing time and pressure levels. These findings indicate that
not only is it critical to integrate a pressure sensor into a DRS device, but that it is also important to do so in an
automated way to trigger a measurement as soon as possible after probe contact is made to minimize the per-
turbation to the tissue site. © 2018 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JBO.23.5.057004]
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1 Introduction
Tumor nodes metastasis (TNM) staging provides prognostic
information and guides therapeutic decision-making in newly
diagnosed patients with head and neck squamous cell carcinoma
(HNSCC) and other cancers. However, the anatomically based
TNM system has significant deficiencies. Patients presenting
with the same stage disease can exhibit markedly different out-
comes despite receiving identical treatments. Investigators have,
therefore, sought to identify additional physiological and bio-
logical prognostic/predictive factors to augment TNM-derived
data. Technologies that allow for in situ characterization of
the underlying biology of both tumors and normal organs
will provide a unique opportunity to address this problem.
When obtained prior to the initiation of therapy this information
can potentially improve the identification of those patients who
are at high risk for failure with standard therapies and who might
benefit from therapeutic intensification regiment. The ability to
identify an unfavorable response very early (the first or second
week) in the course of any given treatment would present more

options for making meaningful changes in strategy than would
be available closer to the end of therapy.

We have previously demonstrated that quantitative diffuse
reflectance spectroscopy (DRS) can be used to assess diagnos-
tically and therapeutically relevant endpoints in HNSCC, breast,
cervix, and other cancers. However, prior studies have been
hampered by the lack of a rigorous system for real-time assess-
ment of probe pressure, and system throughput calibration, both
of which we have shown to significantly affect accuracy and
reproducibility.1,2

Calibration is required to compensate for the wavelength-de-
pendent instrument response, lamp intensity fluctuations, and
fiber bending losses.3,4 Current calibration techniques typically
rely on measurements using standards and/or tissue phantoms,
typically after the clinical measurements are completed. There
are a number of limitations associated with such calibration
methods. First, because the calibration is performed at the begin-
ning or end of the study, real-time instrument fluctuations, such
as lamp drift and fiber bending loss, cannot be compensated by
these approaches. Second, they can require an additional 30 min
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for lamp warm-up and another 10 to 20 min for calibration,
which is a significant amount of time in a clinical setting.

Uncontrolled probe-to-tissue coupling and pressure can
make it difficult to obtain a reproducible spectrum, particularly
for an untrained operator. Chan et al.5 found that there was a
decrease in the diffuse reflectance and an increase in the scatter-
ing coefficient between 400 and 1800 nm with compression of
in vitro human skin. Reif et al.6 reported a study in which reflec-
tance measurements were obtained in vivo from mouse thigh
muscles while varying the contact pressure of the fiber-optic
probe. They found that the blood vessel radius, oxygenation,
and Mie theory slope decreased with pressure, while the reduced
scattering coefficient at 700 nm increased as a function of pres-
sure. Recently, Ti and Lin7 studied the short- and long-term
effects of probe pressure on in vivo diffuse reflectance using
an animal model. They concluded that elevation in probe pres-
sure induces major alterations in the profile of the reflectance
spectra between 400 and 650 nm and the changes in the tissue
optical properties depend on probe pressure, and tissue type.

We previously conducted serial baseline-corrected oxygen
saturation (SO2) derived from DRS measurements from a
murine model of human head and neck cancer (FaDu) measured
in the first two weeks after a single dose of radiation. Using
these data, we were able to discriminate between complete
responders (no evidence of tumor over a 120-day period) and
partial responders (tumor persistence within a 120-day period)
before differences in tumor volume could be observed.8 No con-
trast was observed in total hemoglobin concentration [THb] or
the average reduced scattering coefficient (μ 0

s). We have also
shown that DRS can be used to extract tissue contrast in
[Thb], SO2, and μ 0

s in HNSCCs in clinical studies.8,9 Hu
et al.9 demonstrated that a logistic regression model incorporat-
ing measurements of SO2, log[THb], and log (μ 0

s) resulted in a
receiver operator curve with an area under the curve of 0.84 for
all tissue types (from 112 normal and 36 SCC samples). Further,
we have shown that pressure control2 and self-calibration10 can

significantly reduce systematic error in the measurement of
[THb] and μ 0

s, respectively. Given the promising results of DRS
applied to diagnostic and therapeutic applications in HNSCC,
it is anticipated that these capabilities will be substantially
improved through the incorporation of self-calibration and pres-
sure-sensing capabilities.

2 Methods and Results
The Zenalux PC2 (Durham, North Carolina) diffuse optical
spectroscopy system was used for all measurements. The optical
components consist of a visible light spectrometer and lamp
(Ocean Optics USB2000 and HAL2000) along with a custom
fiber optic probe. This consisted of a pair of 486-micron core
plastic optical fibers for the animal study, and a 750-micron
core diameter plastic optical fiber for the clinical study, each
with 0.51 NA. The large core size in the plastic fiber used clin-
ically was necessary given its greater losses relative to glass, and
to minimize the required exposure time for clinical use. For each
fiber optic probe assembly, an edge-to-edge source-detection
fiber separation distance of 0.15 mm was used at the tissue inter-
face. A 2-m furcation tube assembly carries the fibers back to
SMA 905 connectors that attach to the spectrometer and lamp.

2.1 Pressure Sensing

To enable pressure sensing while minimizing the effects of cable
tension, there is a section of bare fiber between the furcation and
ferule tubes. This bare fiber section is coiled inside of the probe
handle, see Fig. 1. The furcation tube is rigidly attached to the
handle and the ferule can move independently from it. The fiber
coil shrinks or expands to take up the difference between the
ferule and furcation tube separation distance over a nominal
1-cm range of motion. The fibers were selected based on
their ability to wind around the relatively tight fiber coil (4-cm
diameter).

Fig. 1 An instrument schematic shows the system components. (a) The features include an optical
switch (dual shutter) to direct light to either a calibration or tissue-sensing channel for automated cal-
ibration measurement. (b) A pressure sensing system was also integrated into the probe handle
using a spring-loaded metal ferrule that contacted a force sensor. (c) This was uncoupled from the weight
of the cable through use of a coiled segment of bare cable that could flex as the fiber tip was compressed
against the sample.
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2.2 Self-Calibration

A system block diagram is shown in Fig. 1(a). The primary
innovation is the incorporation of two optical paths: a calibration
leg and a measurement leg to facilitate self-calibration with an
automatic shutter. The calibration leg is comprised of a short
(internally contained) ferule that is terminated with a plastic
cap containing a spacer and a Spectralon™ calibration disk.
In this way, calibration measurements can be obtained immedi-
ately after an experimental measurement with the probe in the
same position and nearly the same time, which minimizes the
effects of (1) lamp warm up or power drift and (2) effects of fiber
bending. Past designs for self-calibration have used two spec-
trometers: one spectrometer for tissue measurements and
another one for calibration.1,2 However, for both cost and per-
formance reasons this is not the ideal configuration; it is unlikely
that any two spectrometers will operate the same, throwing the
SC measurements into doubt. Our updated design (Fig. 1)
addresses this challenge using only one spectrometer with a
1 × 2 optical switch to rapidly switch back and forth between
tissue measurements and calibration measurements.

2.3 Analysis

Data were background subtracted by taking a measurement with
the lamp shutter closed. Data were also normalized to the cal-
ibration standard measurement to obtain the diffuse reflectance
relative to the spectrally flat standard. A scalable inverse Monte
Carlo-based algorithm was used to extract the underlying tissue
optical properties.11 The model utilized measured data from 500
to 600 nm, in 2.5-nm increments to obtain a least squares fit. The
model assumed absorption could be characterized by a combi-
nation of oxy and deoxy hemoglobin, modified by the pigment
packing factor of van Veen et al.,12 and a nonmelanin skin
absorption component.13 Scattering is approximated by the rela-
tionship, μ 0

s ¼ A × λ−b, where μ 0
s is the reduced scattering

coefficient, A is the scattering amplitude, λ is the wavelength
in nanometers, and b is the scatter power factor, respectively.
The model inputs including absorber concentrations and scatter-
ing parameters were adjusted to obtain a least squares fit to the
measured data using the Python SciPy library.14

A linear mixed effects model was used to test for significant
main effects for pressure (modeled as a factor), time (repre-
sented by repeated sample number and modeled as a continuous
variable), and site (modeled as a factor for the clinical measure-
ments). Both hemoglobin oxygen saturation and total hemoglo-
bin content were used as response variables to test for effects
of these parameters on each. The nlme library in R was used
for the analysis using the lme function.15 The subject was mod-
eled as a random effect, with pressure, time, and site input as
fixed effects.

2.4 Patient-Derived Xenograft Tumor Study

Animal studies were performed in accordance with a protocol
approved by the Duke Institutional Animal Care and Use
Committee (IACUC). About 6-week-old female athymic nude
mice were obtained from Duke breeding core facility. Human
glioma patient-derived xenograft (PDX) tumors (kindly pro-
vided by Dr. Stephen Keir, Duke University) were implanted
subcutaneously in the flank of the nude mice. Six nude mice
were transplanted with glioma PDX tumors in the flank. When
tumors were ∼300 mm3, the Zenascope was used to acquire
spectra at a series of different pressures as assessed by the
force sensor to produce calibrated pressure measurements (24,
48, 72, 120, 192 mmHg). This was done by the technician, who
placed the probe and attempted to match the pressure as closely
as possible to the target value prior to collecting the measure-
ment (�20%). The median exposure time was 1570 ms. The
PDX model was chosen as this has been demonstrated to
more faithfully replicate the structural and functional character-
istics of human tumors, as compared to cell line xenograft

(a) (b)

(c)

Fig. 2 The optical outputs as a function of the nominal applied pressure. Each point corresponds to a
single measurement (n ¼ 6 animals with five repeated measurements each). It can be seen that the
(a) Hb saturation exhibits a systematic decrease with increasing applied pressure. (b) The total Hb
and (c) mean reduced scattering coefficient can be seen to be relatively more consistent across pressure.
The case of a fixed probe is also shown, which appears similar to the higher pressure levels.
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models.16 After each measurement, the probe was removed from
the tissue, and replaced for five repeated measurements at each
pressure level. In addition, to replicate the typical sensing
method, the spring-mounted probe was fixed in place, and the
probe was placed similarly, which the technician (who was not
experienced in optical spectroscopy techniques and blinded to
the study intent) was instructed to place the probe using minimal
pressure while ensuring complete contact with the tissue. This is
referred to as the “fixed” probe measurement.

Figure 2 shows box and scatter plots of the full dataset. It can
be seen that the hemoglobin oxygen saturation (HbSat) is sig-
nificantly affected by pressure, with higher pressures resulting in
lower HbSat levels (p ¼ 0.02 by linear mixed effects model).
Other parameters (total hemoglobin concentration and mean
reduced scattering coefficient) did not show a significant differ-
ence. The fixed probe measurement appears similar to the higher
pressure level for all parameters.

Figure 3 shows a similar plot looking at the intra-animal
change in these parameters, focusing on those related to
absorption as scattering is not significantly affected. The
mean endpoint value obtained at lowest pressure measurement
(24 mmHg) was taken as the baseline for each animal, and was
subtracted from the averaged endpoint obtained for each sub-
sequent pressure level. It can be seen that in general there is
a suppression in all of the parameters as a function of pressure,
but that HbSat and oxygenated Hb concentration change more
consistently in a negative direction (all subjects appear at or
below zero for the highest pressure level as well as the fixed
probe case). This may explain why HbSat showed a significant
effect of pressure, whereas total hemoglobin concentration did
not (Table 1).

2.5 Volunteer Study

To study the influence of pressure in a realistic clinical setting, a
healthy volunteer study was initiated at Duke University
Medical Center, which was approved by the Duke University
Institutional Review Board. To minimize the time required
for measurement and simulate a more realistic clinical measure-
ment mode, the software was updated to enable automated pres-
sure sensing and repeated measurements using a single probe
placement. This was achieved through continuous sampling
of the force sensor upon activation of the probe along with con-
tinuous sampling of the spectrometer for the optical measure-
ment. For each spectra obtained, it was checked if the force
sensor (calibrated to units of pressure) remained within the
specified valid range during the entire measurement, as well
as the sensor readings immediately before and after the spectra
were obtained. Three pressure levels were tested. This process
was repeated 10 times per measurement site and pressure

Table 1 Statistical significance for repetition number and pressure
level using a linear mixed effects model for both hemoglobin satura-
tion and total hemoglobin content for PDX tumor model.

Parameter
Hb saturation

p-value
Total Hb
p-value

Repetition number (continuous) 0.11 0.96

Pressure level (factor) 0.021* 0.46

*p < 0.05

(a) (b)

(d)(c)

Fig. 3 The relative in change for each optical endpoint is shown for each animal. The average of five
repeatedmeasurements was taken for each animal for each pressure level, and the lowest pressure level
measurement was subtracted from this to obtain the change in signal. The most consistent changes are
seen for (a) Hb saturation and (c) oxy Hb concentration, both shows a median decrease with increasing
pressure. (b) The total hemoglobin, and (d) deoxy hemoglobin also show decreasing trends with increas-
ing pressure.
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setting. Four sites were measured in each subject, cheek, tongue,
sublingual, and gums. Each measurement set (site and pressure
combination) took a median time of three seconds to acquire 10
replicates plus one calibration measurement. The median expo-
sure time per acquisition was 182 ms.

Figure 4 shows boxplots of each endpoint, broken down by
site and pressure levels. It can be seen that for any given site,
there is a consistent decrease in the median hemoglobin satura-
tion as a function of applied pressure. In contrast, the total
hemoglobin concentration decreases in some cases but not
for all. The linear mixed effects model indicates however,
that for both Hb saturation, as well as Total Hb, the site, and
applied pressure are independently significant factors, whereas
measurement repeat number is also significant for Hb saturation
(Table 2). When broken down into oxy and deoxy Hb concen-
trations, it can be seen that the oxy Hb shows a consistent
decrease, whereas deoxy Hb does not, and in some cases
even increases with increasing pressure. Thus the consistent
change in Hb Saturation appears to be driven by a consistent
drop in the concentration of oxy Hb. Finally, mean reduced scat-
tering does not show any observable trend with pressure applied
[Fig. 4(e)].

In further examining the intra-subject change in these param-
eters as a function of pressure, the lowest pressure measure-
ments were averaged and subtracted from the averaged signal
from each of the other pressure levels for each subject
(Fig. 5). In this case, it can be seen that there are consistent
drops in the median hemoglobin saturation, total Hb, and
oxy Hb at the higher pressure levels, which appear, in general,
to increase in magnitude with increasing pressure.

Table 2 Statistical significance for the monitored parameters using a
linear mixed effects model for both hemoglobin saturation and total
hemoglobin content for the volunteer study.

Parameter
Hb saturation

p-value
Total Hb
p-value

Repetition number (continuous) <0.00011* 0.23

Pressure level (factor) <0.0001* <0.001*

Site (factor) <0.0001* <0.001*

*p < 0.05

(a)

(c)

(e)

(d)

(b)

Fig. 4 Optical parameters from a set of nine healthy volunteers. A series of 10 measurements were
acquired sequentially from each of the four sites from each subject, for each of the three target pressure
ranges. Deviations as a function of pressure can be seen in particular for (a) Hb saturation, and (c) oxy Hb
concentration, with other parameters, namely (b) total Hb, (d) deoxy Hb, and (e) mean reduced scattering
coefficient, showing more variable responses.
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(a) (b)

(d)(c)

Fig. 5 Relative change in optical parameters relative to the lowest pressure is shown with respect to
tissue site and pressure level. It can be seen that the largest and most consistent deviations appear
for (a) Hb saturation and (c) oxy-Hb concentration, with more consistent values seen for (b) total hemo-
globin, and (d) deoxy Hb.

Fig. 6 For volunteer subject measurements, the Hb saturation measurement as a function of repeated
measurement number is shown for each of the nine subjects at each of the three pressure levels. The
moving average mean (loess) is also shown along with the 95% confidence intervals. This is shown for
(a) cheek, (b) gum, (c) tongue, and (d) under the tongue. It can be seen that the mean Hb saturation
significantly drops for the majority of the site-pressure combinations with increasing reduction over time.
In addition, the higher pressure levels in general can be seen to have a larger drop over time.
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Finally, because a series of 10 repeated measurements were
acquired from each site with the probe held in contact, it is pos-
sible to evaluate the dynamic changes in each endpoint as a
function of time after the probe achieved the desired pressure
level. The Hb saturation is shown as a function of measurement
number (Fig. 6) for each of the four sites [(a) cheek, (b) gum,
(c) tongue, and (d) under tongue]. The local mean and 95% con-
fidence intervals (CI) are plotted using the geom_smooth func-
tion from the ggplot2 package in R (indicating significant
deviations from zero where the CI does not overlap the
abscissa).15 Notably, the hemoglobin saturation shows a signifi-
cant decrease over time for the highest pressure range for all
tissue sites (p < 0.05 for nonoverlapping CI). There is some
overlap in the CI among the different pressure levels, but the
highest and lowest pressure levels are significantly separated
for all sites except for the cheek at the later measurement
times, with the higher pressure resulting in a larger reduction
in hemoglobin saturation relative to the starting point. In con-
trast, total hemoglobin content does not appear to show consis-
tent significant trends (Fig. 7).

3 Discussion
This article presents the development and validation of a pres-
sure sensing, self-calibrated DRS system. Implementation of the
automated pressure-sensing element with suitable control soft-
ware addresses two important challenges in the implementation
of a DRS system for physiologic assessment or diagnosis,
(1) the influence of uncontrolled pressure on the physiologic

status of the tissues being interrogated and (2) the temporal
dependence of these physiologic parameters following initiation
of probe contact. It was demonstrated that increasing applied
pressure resulted in an increasing deviation, particularly for
the case of Hb saturation, indicating that perfusion had been
impeded and tissue oxygenation was reduced. This type of per-
turbation could influence diagnostic or prognostic systems in a
clinical system, in particular for cancer diagnosis and therapy,
where hypoxia is an important feature of tumor pathophysiology
and a determinant of therapeutic response. It is worth noting that
the expected change in blood volume with pulsatile flow is not
likely to be significant. For example, Seo et al.17 found that in
the visible range the RMS of the signal attributable to pulsatile
changes was <1% of the total blood volume in human skin, thus
blanching of the tissue due to outflow of blood would be the
expected major source of deviation with applied pressure.
Physiologic changes in tumor oxygenation are driven by a vari-
ety of factors, including instability in red blood cell flux, vaso-
motion, and vascular reformation, with dominant changes
occurring over the time frame of several cycles per hour or
longer, making this an unlikely source of variability.18

The automated triggering of a measurement at a set pressure
is also a critical feature developed here, given the short time
scale over which the physiologic endpoints are changing
(Figs. 6 and 7). This points to the need to acquire a measurement
as soon as possible after the probe achieves sufficient pressure to
ensure contact. In general, the lowest pressure settings showed
smaller deviations, as compared to the higher pressures, as

Fig. 7 For volunteer subject measurements, the total Hb measurement as a function of repeated meas-
urement number is shown for each of the nine subjects at each of the three pressure levels. The moving
average mean (loess) is also shown along with the 95% confidence intervals. This is shown for (a) cheek,
(b) gum, (c) tongue, and (d) under the tongue. It can be seen that the total Hb largely does not show
consistent or significant changes as a function of time for the tested conditions.
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would be expected. To accurately sample patient tumors, which
have a high degree of heterogeneity, multiple sampling points
would ideally be taken both spatially and temporally, so this
type of automated system would be critical.

In a diagnostic setting, the ability to reproducibly acquire
data is critical to ensuring accuracy and reliability. This manu-
script has demonstrated the significant deviations in physiologic
parameters that can occur when using uncontrolled or relatively
high pressure level measurements of tissue. For this reason, it is
critical for contact measurements to integrate both a pressure
sensor and automatic triggered measurement to ensure that
any physiologic perturbation has been minimized. In this
case, utilizing the 24 mmHg setting with measurement acquired
automatically as rapidly as possible would best preserve native
tissue physiology.
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