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Abstract. The abnormal, uncontrolled production of blood cells in the bone marrow

causes hematological malignancies which are common and tend to have a poor

prognosis. These types of cancers may alter the hemodynamics of bone marrow.

Therefore, noninvasive methods that measure the hemodynamics in the bone marrow

have a potential impact on the earlier diagnosis, more accurate prognosis, and in

treatment monitoring. In adults, manubrium is one of the few sites of bone marrow

that is rich in hematopoietic tissue and is also relatively superficial and accessible. To

this end we have combined time resolved spectroscopy (TRS) and diffuse correlation

spectroscopy (DCS) to evaluate the feasibility of the noninvasive measurement of

the hemodynamics properties of the healthy manubrium in thirty-two subjects. The

distribution of the optical properties (absorption and scattering) and physiological

properties (hemoglobin concentration, oxygen saturation and blood flow index) of this

tissue are presented as the first step towards investigating its pathology.
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1. Introduction

Hematological malignancies such as leukemias, lymphomas, and multiple myelomas are

common, accounting for about ∼9% of all newly diagnosed cancers (Sant et al. 2010,

Rodriguez-Abreu et al. 2007) and most of them have a poor prognosis (Greenberg

et al. 1997, Malcovati et al. 2007). In children and adolescents younger than twenty

years, hematological malignancies are the most common type of cancer, responsible for

more than 30% of all cancers (Greenberg et al. 1997, Malcovati et al. 2007).

Most of these cancers originate in the bone marrow since this tissue is the main

site of blood cell formation. In the bone marrow, hematopoietic stem cells (HSCs)

differentiate into blood cells: red cells, white cells, and platelets. Mutations that

inappropriately activate HSC proliferation cause an uncontrolled growth of abnormal

blood cells and lead to hematological malignancies. This high proliferating activity of

HSCs induces angiogenesis in the bone marrow (Alexandrakis et al. 2004, Wolowiec

et al. 2004, Padró et al. 2000) and increase in angiogenesis of the bone marrow has

indeed been observed in patients with progression of these malignancies (Negaard

et al. 2009, Mangi & Newland 2000, De Raeve et al. 2004, Vacca et al. 1994, Kini

et al. 2000). It has also been shown that the degree of angiogenesis is an important

prognostic factor (Bhatti et al. 2006, Kumar et al. 2004, Molica et al. 2002, Salven

et al. 2000), an indicator of the disease burden, and is associated with the treatment

outcome (Rajkumar et al. 2002, Sezer et al. 2001).

Therefore, it is of interest to investigate the degree of vascularization of the bone

marrow which is important for better estimation of prognosis and for personalization of

the therapy procedure. Measurement of angiogenesis is important for the follow up of

treatment and screening during the reemission phase. In the clinical routine, the most

direct and common technique of angiogenesis evaluation is histomorphological analysis

of the bone marrow, basically the measurement of microvessel density. It involves a bone

marrow biopsy taken from the iliac crest or the sternum. However, biopsy has several

limitations: it is invasive, it has substantial inter-observer variability, and analyzes just

a discrete site of the whole bone marrow (Bhutani et al. 2013). Dynamic contrast

enhanced magnetic resonance imaging (DCE-MRI) is also applied to investigate the

degree of vascularization. Although DCE-MRI is noninvasive and has a relatively high

resolution, it is expensive and utilizes contrast agents, therefore it is not suitable for

screening and repeated measurements. Another clinical technique to estimate the extent

of the angiogenesis is measurement of the angiogenic biomarker levels in a blood sample

(Zangar et al. 2006, Gerber & Ferrara 2003). However, the estimation of biomarkers

achieved by blood extraction is not targeted to a specific tissue and angiogenesis in

other organs may elevate it. Therefore, the level of angiogenesis in the bone marrow

and biomarkers in the blood are not necessarily correlated (Jelkmann 2001, Bertolini

et al. 2007).

In experimental studies, positron emission tomography (PET) and single photon

emission computed tomography (SPECT) have also been used to measure the blood
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flow in the bone often as a correlate of angiogenesis (Kahn et al. 1994, Horger &

Bares 2006, McCarthy 2006). PET has also been used to image the proteins, which

are implicated in the angiogenesis procedure (Beer & Schwaiger 2008). Despite the

good sensitivity of these techniques, high cost measurements in addition to exposure to

radioactive agents make them limited for repeated measurements. They have not been

adopted for widespread clinical use.

Considering the importance of angiogenesis and the limitations of current

techniques, we hypothesise that the noninvasive diffuse optical spectroscopy techniques

might be useful and practical to study the hemodynamics of normal and malignant

hemopoiesis as a potential correlate of increased angiogenesis and proliferation.

Increased angiogenesis alters the hemodynamics of the tissue which can be correlated to

optical measurements of microvascular blood flow, blood volume or oxygen saturation

(Mesquita et al. 2010, Pakalniskis et al. 2011).

Furthermore, in subjects with hematological malignancies, the high proliferating

activity of the hemopoietic tissue is observed due to angiogenesis in the bone marrow

(Alexandrakis et al. 2004, Wolowiec et al. 2004, Padró et al. 2000). Since high

proliferation may alter the hemodynamics of the tissue as well as its scattering

coefficient, diffuse optics can be potentially utilized for screening purposes to detect

high risk subjects. Furthermore, the degree of angiogenesis has been considered a

predictive factor of response to treatment. In this sense, it could be a promising

noninvasive method for categorizing the risk of the patient before the treatment. It

can also be applied to monitor the changes in bone marrow hemodynamics induced by

the anti-angiogenic therapies which are emerging as effective treatments against cancer

(Li et al. 2008, Shinkaruk et al. 2003). Following the response to the therapy may help

to personalize the therapy for each subject.

Diffuse optical spectroscopy is a noninvasive method that does not use ionizing

radiation or contrast agents (Durduran et al. 2010). The device and measurements are

relatively inexpensive and it is a suitable method for repeated measurements. It can be

combined with other modalities such as MRI (Ntziachristos et al. 2002) for simultaneous

measurements to provide complementary information.

while the bulk of diffuse optics in biomedicine was used on soft tissue, the

feasibility of applying optical methods on human bone tissue have been investigated

in several works (Binzoni et al. 2013, Aziz et al. 2010, Bashkatov 2006, Binzoni

et al. 2002, Binzoni et al. 2006, Binzoni et al. 2003, Binzoni et al. 2011, Binzoni & Van De

Ville 2011, Klasing & Zange 2003, Firbank et al. 1993, Mateus & Hargens 2012, Mateus

& Hargens 2013, Näslund et al. 2006, Näslund et al. 2007, Näslund et al. 2011, Pifferi

et al. 2004, Prapavat et al. 1997, Ugryumova et al. 2004, Xu et al. 2001, Zhang &

Jiang 2005, Farzam et al. 2013). Furthermore, it has been demonstrated that bone is

an active tissue whose hemodynamics is responsive to physiological changes such as cuff

occlusion (Farzam et al. 2013).

Accessibility of the target tissue is the key concern in noninvasive diffuse optical

measurements since it can mostly measure the upper (∼1-5 cm) layers of tissue. In
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adults hematopoietic tissue exist mostly in flat bones such as the pelvic girdle and the

sternum. Manubrium, the broad, upper part of the sternum is a common site for bone

marrow biopsy as it is accessible and rich in hematopoietic marrow (Gordon et al. 1976).

We have identified it to be also suitable for noninvasive diffuse optical probes since it is

quite superficial with no overlying muscles and is sufficiently thick for adequate probing.

Therefore, we have applied diffuse optical spectroscopy to measure the hemodynamics

of the healthy manubrium noninvasively by combining two diffuse optical methods; time

resolved spectroscopy (TRS) (Ntziachristos et al. 1999, Torricelli et al. 2013, Svensson

et al. 2007, Taroni et al. 2010) and diffuse correlation spectroscopy (DCS) (Durduran

et al. 2005, Durduran et al. 2010) in a single probe. This combination enabled us to

measure the concentration of oxygenated and deoxygenated hemoglobin as well as the

blood flow index alongside the reduced tissue scattering coefficient. In the future, with

appropriate modeling, this may enable us to calculate the rate of metabolic oxygen

extraction.

By this method, we characterize the optical properties (absorption and scattering

coefficients) and physiological properties (hemoglobin concentration, oxygen saturation

and blood flow index) of healthy bone marrow by noninvasive measurement of thirty

two healthy subjects. We also investigate the effect of the location of the probed site

on the manubrium, body mass index (BMI), gender, thickness of the overlying tissue

and age on the distribution of the measured parameters. Our hypothesis was that the

properties of health tissue has a relatively narrow distribution which would enable us to

detect the changes due to pathologies. It can be used for screening purposes in order to

detect subjects with a high risk of malignancy and it is repeatable which would make

it a potential tool to monitor the effect of the therapy.

2. Methods & materials

2.1. Study population and the experimental protocol

All protocols and devices were approved by the ethical committee of Hospital Cĺınic de

Barcelona where all subjects were measured. Thirty-two healthy subjects were recruited

for this study (15 females and 17 males) and each subject has signed a written informed

consent. Since bone marrow properties depend on age (Griffith et al. 2013, Justesen

et al. 2001), in order to have a more homogeneous group of people, an age range

between 25-40 years old was defined as the inclusion criteria ‡. Adolescents are of

great interest to the study of hematological malignancies due to the high prevalence

in that population. However, due to ethical concerns related to informed consent of

minors, we have excluded them from this preliminary study.

The subjects were requested to fill a basic health questionnaire where they

were asked about their history of anemia, diabetes, lung diseases, kidney diseases,

‡ Nevertheless, two subjects near to range limits (24 and 42 years old) were measured and were included

in the study population.
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Table 1. Vital records of the recruited subjects: median (1st − 3rd quartile).

Arterial oxygen Heart rate Systolic pressure∗ Diastolic pressure

saturation (%) (bpm) (mmHg) (mmHg)

All 99 (97, 99) 74 (66, 84) 119 (114, 136) 71 (67, 76)

Females 99 (99, 99) 78 (69, 88) 117 (102, 118) 71 (68, 75)

Males 98 (97, 99) 73 (65, 80) 135 (120, 140) 72 (67, 80)

∗ The difference between males and females is statistically significant (P < 0.05).

hypertension, hyperlipidemia, atrial fibrillation, congestive heart failure, coronary artery

diseases, previous myocardial infraction and smoking. Each subject reported whether

they have any other diseases and their current medications. Subjects with the history

of any type of malignant neoplasms or severe anemia were excluded from this study.

Among all subjects, two of them were under medication for thyroiditis and one subject

for asthma. These medications do not have any known impact on the bone marrow

hemodynamics, therefore, we have included these subjects in the study. There were also

three smokers among the subjects who were included in the data, which may affect the

systemic hemodynamics. In Table A1, Table A2, and Table A3 they are labeled by a star

sign. Furthermore, before (in a few cases, after) the optical measurement, the vital signs

(heart rate, arterial blood pressure and arterial oxygen saturation) were measured to

assure that the subject is in normal health condition and to explore any correlations with

the results. The vital records are summarized in Table 1 and the physical characteristics

in Table 2. Body mass index (BMI) is calculated by dividing the weight [kg] by square

of the height [m]. The thickness of the tissue overlying manubrium skin was estimated

by the caliper skinfold measurement. These two parameters are highlighted since they

may effect the optical measurement.

Table 2. Physical characteristics of the recruited subjects: median (1st−3rd quartile).

Age∗ (year) Weight∗ (kg) Height∗ (cm) BMI∗ (kg/m2) Skinfold/2 (mm)

All 30 (27, 33) 74 (58, 84) 172 (164, 180) 23.3 (21.6,26.7) 4.7 (3.9, 6.2)

Females 29 (27, 30) 58 (53, 62) 163 (160, 169) 21.4 (20.7,23.4) 4.4 (3.6, 4.8)

Males 32 (27, 35) 79 (73, 86) 180 (177, 183) 24.5 (23.3,26.8) 5.1 (4.3, 7.0)

∗ Difference between males and females is statistically significant (P < 0.05).

For the measurements, the subjects were asked to sit comfortably on a chair with

the head tilted back. A hematologist with experience in bone marrow biopsies located

the manubrium and marked the outside borders to guide the positioning of the optical

probe. The height of each manubrium was divided into four regions from top to bottom

(neck to breast) labeled as one to four. The markings and the probe placement are

illustrated in Figure 1. On each location, three measurements were performed.
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Figure 1. (Left) The photograph of the manubrium of a female subject. The lines

show the outer border of the bone marked by a hematologist. The height is measured

and divided into four regions. The dashed/solid rectangles indicate the approximate

probe positions. (Right) The location of sternum in the upper part of the skeleton.

The drawing is adopted from the Wikimedia Commons.† The probe is pressed to the

manubrium so that the skin on the contact area is compressed. (Top) The schematic of

the probe with one source and one detector for TRS (source-detector separation = 2.5

cm) and one source and four detectors for the DCS device (source-detector separation

= 2.5 cm).

2.2. The device and the probe

The custom-built TRS instrument consists of three pulsed lasers (Becker & Hickl, Berlin,

BHLP-700) emitting at 687, 785 and 830 nm with pulse widths of 400, 350, and 450

pico-seconds respectively for each wavelength and a repetition rate of 50 MHz. The

pulses are sent to the tissue using a 10 meter long fiber with a 90◦ bent tip and a core

diameter of 62.5µm (NA = 0.275). The diffuse light was collected by a custom made

bundle that consists of 54 graded index multimode fibers and delivered to a hybrid

photo multiplier tube (PMT, Becker & Hickl,Berlin, HPM-100-50). A standard time-

correlated single photon counting (TCSPC) setup (Becker & Hickl, Berlin, Simple-Tau

130) is used to record and store the distribution of the time of flights of the diffuse

photons (Ntziachristos et al. 1999).

The DCS part of the setup uses a single longitudinal mode laser as the source

(CrystaLaser, Reno, NV, USA) at 785 nm whose coherence length (> 10 m) is much

longer than the distribution of typical photon path lengths. The laser light is delivered

to the tissue through a multimode fiber with a core diameter of 200µm (NA = 0.22).

Since DCS uses single mode fibers of 5.6µm core diameters for collection which limits the

detected photon count rate, we bundle four fibers together to improve the signal-to-noise

ratio. Four photon counting avalanche photodiodes are used as detectors (Excelitas,

† Retrieved December 30, 2013, from “http://commons.wikimedia.org/wiki/File:Manubrium lateral.png”
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Quebec, Canada) whose output is fed to a digital correlator (Correlator.com, New

Jersey, USA) to obtain the autocorrelation functions. Details of the DCS system is

discussed in various reviews (Durduran et al. 2010, Yu 2012).

Both time resolved spectroscopy (TRS) and diffuse correlation spectroscopy (DCS)

are combined in a single probe as illustrated in Figure 1. For both, TRS and DCS, we use

a source-detector separation of 25 mm. For each location there were three acquisitions

with an averaging time of three seconds for DCS and three seconds per wavelength for

TRS amounting to approximately ten seconds per measurement.

2.3. Data analysis

2.3.1. Theory and calculations of TRS measurement The experimental data is fitted

with a solution of the diffusion approximation for a semi-infinite homogeneous medium

(Patterson et al. 1989) to extract the values of the reduced scattering (µs
′) and

absorption (µa) coefficients for each wavelength.

In this process the theoretical curve is convoluted with the instrument response

function. The fitting range includes the points with a number of counts higher than

80% of the peak value on the rising edge of the curve and 1% on the tail. The fitting was

performed by “fminsearch” function of Matlab (Mathworks Inc, Massachusetts, USA).

The measured absorption coefficients (µa(λ )) are related to the different tissue

chromophores as µa(λ) =
∑nc

i εi(λ)ci. The sum is over the different tissue chromophores.

Here we have assumed only water, oxy- and deoxy-hemoglobin as chromophores (nc =

3). εi(λ) is the wavelength-dependent extinction coefficient of the ith chromophore

obtained from the literature (Prahl n.d.) and ci is the concentration of the ith
chromophore. The water concentration in the bone was assumed to be 30% (White

et al. 1987) and oxy- and deoxy-hemoglobin concentrations were measured (cHbO2 , cHb).

The total hemoglobin concentration (THC) was calculated as the sum of oxy- and deoxy-

hemoglobin, i.e. THC = cHbO2 + cHb and blood oxygen saturation, SO2 =
cHbO2

THC
× 100

was also calculated and reported.

2.3.2. Theory and calculations of DCS measurement DCS measures the temporal

speckle fluctuations of the scattered light, that is sensitive to the motions of scatterers

such as red blood cells which in turn could be used to estimate microvascular blood

flow (Boas et al. 1995, Durduran et al. 2010). The dynamics of the medium can be

determined by the measurement of the intensity autocorrelation from which the electric

field autocorrelation function can be derived. The semi-infinite homogeneous medium

solution to the correlation diffusion equation was employed to fit to the measured

autocorrelation curves, for a blood flow index (BFI) (Durduran et al. 2010).

For the fitting we have used the “fminsearch” function of Matlab (Mathworks Inc.,

Natick, MA, USA). The measured µa and µs
′ by TRS for each subject (averaged over

all locations and acquisitions) was introduced as an input for DCS analysis.
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2.4. Statistical analysis

As a first step, we have explored the measured parameters to check if the data has a

normal distribution. The normality was tested using a two sided “Shapiro Wilk” test.

We have cross-checked the results of “Shapiro Wilk” test by quantile-quantile plots.

Both tests were in agreement with each other.

For each measured parameter (µa, µs
′, THC, blood flow index, and oxygen

saturation) the median as well as 1st − 3rd quartile values are reported.

To examine the correlation between different measured parameters we have fitted a

linear mixed effects (LME) model (Pinheiro & Bates 2000, Winter 2013) using packages

“lme4” (Bates et al. 2013) and “lme4test” (Kuznetsova et al. 2013) in R (open source

statistical computing language (R Core Team 2013)). This method was utilized since it

does not have a strict normality assumption (Pinheiro & Bates 2000). In all the analysis,

the normality of the residuals were examined visually and no obvious deviations from

normality were revealed. We rejected results in which the full model did not differ

signicantly from the null model.

To test the dependency of the optical parameters on the location of the probe we

have fitted an LME with the location as the fixed effect. The subject was considered as

the random effect in this model. In this analysis, the first location is considered as the

reference.

The correlation between measured physiological parameters (blood flow, blood

volume and oxygen saturation) were also investigated by LME. Since we have observed

a dependency of measured parameters on the location of probe, here both location and

measured parameter were fixed effects and subject was the random effect.

We have applied LME model to study the effect of BMI, skinfold value, and age of

the subjects on the measured physiological parameters. In these models the parameter

under the investigation (BMI, skinfold, age) and the location of the measurement were

the fixed effects and the subject was the random effect.

Furthermore, the effect of gender on the measured parameters was examined. Since

we have observed a difference between BMI of males and females and a significant effect

of BMI on the measured parameters, we have considered gender, BMI and location as

the fixed effects. Here the subject was the random effect.

At the end, in order to investigate the effect of our assumptions on our results,

we have calculated the hemodynamic parameters (THC and oxygen saturation)

assuming different concentrations of chromophores (bone mineral and lipid). The

difference between distribution of physical parameters under different assumptions was

investigated by student’s t-test. Throughout this study, “p-values” less than 0.05 were

considered statistically significant to reject the null hypothesis.
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3. Results

3.1. The distribution of the measured optical and physiological parameters

Figure 2 shows the histogram of the distribution of the measured parameters for all
subjects over four locations on the sternum. The Shapiro-Wilk test shows that the
values of measured THC and blood oxygen saturation are normally distributed while
the blood flow index does not have a normal distribution. For all three wavelengths µa

values are normally distributed and µs
′ distributions were not normal.
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Figure 2. The distribution of the measured hemodynamics over four locations on the

sternum for all subjects. (A-C) In each wavelength µa has a normal distribution. (D-F)

µs
′ does not have a normal distribution in any wavelength. (G) The blood flow index

is not normally distributed. (H) Total hemoglobin concentration values are normally

distributed. (I) Blood oxygen saturation values are normally distributed.

The summary of all the measured optical and physiological parameters are listed in

Table 3. Each parameter is presented with its median and 1st − 3rd quartile range. For

completeness, the data from each individual subject is presented in Appendix 1; Table

A1, Table A2 and Table A3.
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Table 3. Median and inter-quartile range values for the measured parameters.

λ = 690 nm λ = 785 nm λ = 830 nm

µa (cm−1) 0.14 (0.12, 0.17) 0.15 (0.12, 0.17) 0.16 (0.13, 0.18)

µs
′ (cm−1) 10.1 (9.7, 10.9) 9.6 (9.0, 10.2) 8.7 (8.3, 9.5)

BFI (cm2/s) 5.0×10−9 (4.2×10−9, 7.4×10−9)

THC (µM) 77.3 (62.2, 88.6)

Oxygen saturation (%) 71.1 (69.5, 72.3)

3.2. The sensitivity of the measurements to the location of the probe

The distribution of the measured physiological parameters over four measured locations

are illustrated in Figure 3. The intercept is the LME fitted value for the location 1

and the slope shows the change in comparison to the location 1. In Table 4 the fitted

value for the first location (intercept) and the slope (changes between two consecutive

locations) are listed. In all cases, both the intercept and the slope are statistically

significantly different (P < 0.05) from zero indicating a clear yet small dependence on

the location.

Table 4. The fitted value for the first location (intercept) and the slope (changes

between two consecutive locations). All cases show statistically significant changes (P

< 0.05).

λ = 690 nm λ = 785 nm λ = 830 nm

µa (cm−1) 0.151 (- 0.005) 0.154 (- 0.003) 0.165 (- 0.004)

µs
′ (cm−1) 11.0 (-0.2) 10.2 (- 0.2) 9.4 (- 0.2)

BFI (cm2/s) 4.8 ×10−9 (+ 0.3 ×10−9)

THC (µM) 80.4 (- 1.8)

Oxygen saturation (%) 69.8 (+ 0.4)
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Figure 3. Measured parameters for 32 subjects over 4 locations on manubrium. For

clarity points are moved slightly along the x-axis (“dodging”). (Left) total hemoglobin

concentration (µM). (Middle) blood flow index (cm2/sec). (Right) oxygen saturation

(%).
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3.3. Correlation between the measured parameters

Figure 4 demonstrates how measured physiological parameters are correlated with each

other on a specific location (location 3). From this point on, the location is considered

as a fixed effect in the LME fitting (see Section 2.4) leading to a positive correlation

between blood flow and total hemoglobin concentration (P = 0.01) yet the changes

are small. Moreover, the subjects with higher blood flow have a higher blood oxygen

saturation (P < 10−4). The correlation between total hemoglobin concentration and

oxygen saturation is not statistically significant (P = 0.1). In all the subsequent plots

and analysis, we will focus on one of the central locations, location 3.
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Figure 4. Correlation between the measured physiological parameters. The plot

represents measured values and the fitted line for the location 3 of the manubrium.

(Left) Subjects with higher blood flow have higher total hemoglobin concentration.

(Middle) Total hemoglobin concentration and oxygen saturation are not correlated.

(Right) Subjects with higher blood flow have higher oxygen saturation.

3.4. The sensitivity of the measurement to the physical condition of the subjects

For each subject we have performed the skinfold measurement on the manubrium area to
estimate the thickness of overlying tissue. As it is shown in Figure 5 there is a positive
correlation between BMI and skin thickness, as may be expected, since the skinfold
measurement includes the overlying adipose layer (P < 10−4).
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Figure 5. There is a positive correlation between BMI and skinfold value on the

manubrium (P < 10−4).
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Figure 6 compares the measured physiological parameters (THC, BFI, and oxygen

saturation) with the thickness of overlying tissue (skinfold value) in a central location

of the manubrium (location 3). None of the physiological parameters have shown a

significant correlation to the skinfold value.
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Figure 6. There is no significant correlation between the skinfold value and (Left) total

hemoglobin concentration. (Middle) blood flow index. (Right) oxygen saturation. The

plot represents measured values and the fitted line for the location 3 of the manubrium.

Figure 7 demonstrates that the measured THC and oxygen saturation are
dependent on the BMI of the subject. There is a negative correlation between BMI
and THC (P < 10−4) and there is a positive correlation between BMI and the oxygen
saturation (P = 0.003 ). Despite the correlations observed for the total hemoglobin
concentration and the oxygen saturation, no correlation was observed between BMI and
blood flow index. The plot represents measured values and the fitted line for the location
3 of the manubrium.
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Figure 7. (Left) BMI has a negative correlation with total hemoglobin concentration

(P < 10−4). (Middle) There is no significant correlation between BMI and the blood

flow index (P = 0.7). (Right) BMI has a linear correlation with the oxygen saturation

(P = 0.003). The plot represents measured values and the fitted line for the location

3 of the manubrium.

3.5. The dependency of the physiological parameters on gender

To test the dependency of the physiological parameters on the gender, we have fitted an

LME model to the data. If gender is considered as the only fixed effect then the oxygen

saturation in the males is 2% higher than in the females. Since BMI is an influential
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parameter, and two genders have signicantly different BMIs (Table 2), both BMI and

gender were considered as the fixed effects. In this case there is no significant difference

between genders on any of the measured parameters (P = 0.4).
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Figure 8. The distribution of the measured physiological parameters by gender.

(Left) total hemoglobin concentration, (Middle) blood flow index (BFI), (Right) blood

oxygen saturation.

3.6. The dependency of the physiological parameters on age

We have chosen the subjects from a controlled range of age (24-42 years) to try to avoid
the dependency of the measurement on the age of subjects. Figure 9 demonstrates that
in the collected range of ages the measure physiological parameters do not depend on
the age.
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Figure 9. There is no significant correlation between age and (Left) total hemoglobin

concentration. (Middle) blood flow index. (Right) oxygen saturation. The plot

represents measured values and the fitted line for the location 3 of the manubrium.

4. Discussion

In this work, we have studied the optical and physiological properties of the healthy

manubrium bone as a site indicative of the red bone marrow hemodynamics in the

body. We first discuss the quality of the measurements and whether the bone marrow

is the main contributor to our optical signal. Then the distribution of the measured

parameters on the healthy subjects is reviewed, the sensitivity of measured parameters

to the location of probe on the manubrium is discussed and the correlation between
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measured physiological parameters and characteristics of subjects such as BMI, skinfold

value, age and gender are discussed.

The quality of the measurements and the probed tissue volume: In each measurement,

an experienced hematologist located the manubrium and guided the placement of the

probe. We were able to obtain data with sufficient signal-to-noise ratio from each

measurement and the fitting for both DCS and TRS device had good quality indicating

that the data fits the model well and there are no systematic deviations from the model.

The source-detector separations were 25 mm for both modalities.

Manubrium is a superficial tissue that does not have any overlying muscle. Its

average size is 50 × 50 mm2 with thickness of ≈ 11.2 mm in females and ≈ 12.6 mm

in males (Selthofer et al. 2006). The manubrium is not homogeneous in thickness and

these numbers were measured on two points which represent the average of extreme

values (thinnest and thickest part) of the manubrium. The thickness of combined skin

and the manubrium is approximately 15.6 mm and 17.7 mm respectively for females

and males. On average, the depth of optical penetration with our probe is greater

than the thickness of the skin and less than the combined thickness of the skin and the

manubrium. However it has been reported that manubrium in the thinnest part can be

less than 10 mm (Gao-ju & Qing 2011, Xiu et al. 2012). To study this point we have

simulated a medium (data not shown) with similar optical properties as manubrium

and we have calculated the probability of detecting a photon which has penetrated a

certain depth. We observe that less than 20% of detected photons had penetrated more

than 1 cm assuming a homogeneous medium. However, due to the presence of thymus

and large vessels below the manubrium we expect a lower contribution to our signals.

Finally, change of µa between 2 consecutive locations, on average, is ∼3% (Table 4).

We know that manubrium is thickest on the location 1 and narrower in locations 2-3,

and again gets thicker in location 4. However, µa drops unidirectional from location 1

to 4. This suggests that in thinner parts we are not probing different tissue. This small

yet significant location dependency is not due to variation in thickness. Therefore, it

is a reasonable assumption to consider manubrium bone and its rich red bone-marrow

content as the the dominant contributor to our signal.

Furthermore, to double check this assumption, for one subject, we have located

the manubrium by an ultrasound and compared its dimensions to the average which

was well within the average and to the borders defined by the hematologist. Two sets

of data were taken, one based on the hematologist’s assumptions and one guided by

the ultrasound. The measured parameters in both cases did not show any significant

differences (data not shown).

The distribution of the measured parameters: Bone is a relatively understudied organ

for diffuse optics. It is often considered a nuisance, for example, when dealing with

the measurements on the adult head (Durduran & Yodh 2014, Torricelli et al. 2013).

However, a few groups have measured in vivo human bones to investigate absolute values
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of µa and µs
′ (Pifferi et al. 2004, Xu et al. 2001, Farzam et al. 2013). The first study

(Pifferi et al. 2004) has investigated the calcaneus bone (µa ≈ 0.07 and µs
′ ≈ 14 (cm−1)

for λ = 785 nm), and the second one (Xu et al. 2001) has measured the finger bone

(µa ≈ 0.20 − 0.25 and µs
′ ≈ 20 − 25 (cm−1) for λ = 785 nm). The last study (Farzam

et al. 2013) has investigated the patella bone and they have reported µa ≈ 0.035 and

µs
′ ≈ 5.4 (cm−1) for λ = 785 nm. The reported µa, µs

′ in this study (µa ≈ 0.15 and

µs
′ ≈ 9.6 (cm−1) for λ = 785 nm) is in the range of the previous measurements but, we

note that, the reported values from different studies cover a wide range. This may be

due to differences in the tissue and bone structure in different sites and also the limited

number of subjects in all studies.

Absorption coefficient and the physiological parameters derived from it (total

hemoglobin concentration and oxygen saturation) have normal distributions. The

median of THC value is 77.3 (µM) with the quartile range (QR) of 62.2-88.6 (µM).

This value is much higher than the measured THC in patella bone (≈ 18µM) (Farzam

et al. 2013). It can be explained by the higher red marrow cellularity in manubrium

in comparison to the patella. Since hematopoietic tissue is physiologically more active

compared to compact bone, it has a wider vasculature niche, i.e. is better perfused, to

provide it with oxygen and nutrition. Higher vascular level of the manubrium suggests

higher THC values and our measurements confirm it. The median oxygen saturation

of all subjects is 71.1% (QR:69.5-72.3%) which is in the range of the oxygen saturation

observed in the patella.

In contradiction to other parameters, the blood flow index does not show a normal

distribution. This might be partially due to the relatively higher standard deviation

of the absolute values from the DCS measurements or it may reflect the underlying

physiology. We note that an overwhelming majority of the DCS studies, to date, have

reported relative changes in blood flow with respect to a reference tissue or time point

since the DCS results depend on the optical parameters of the tissue (Durduran &

Yodh 2014, Mesquita et al. 2011, Durduran et al. 2010, Irwin et al. 2011). Our study

stands out in this aspect since we use the TRS values for more accurate analysis of the

DCS data. However, DCS is a highly sensitive measurement of the local blood flow,

and, in soft tissues, this may depend on the probe pressure as was documented for the

scalp Mesquita et al. (2013). We discuss this point further in the following paragraphs.

The knowledge about the range of the measured physiological parameters and their

distribution enables us to define the healthy range to detect the subjects with high

risk of hematological malignancies since a high proliferating activity of the hemopoietic

tissue due to malignancy is related to angiogenesis (Alexandrakis et al. 2004, Wolowiec

et al. 2004, Padró et al. 2000) and can cause high hemoglobin concentration or high

blood flow in the bone marrow. This will be the topic of our future studies.

One shortcoming of our study is that we have assumed water, oxy-, and deoxy-

hemoglobin as the only major absorbers due the limited number of wavelengths that were

utilized. In fact, the water concentration was kept constant at 30% (White et al. 1987).

Other significant absorbers in manubrium could be the lipids and the bone mineral
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which were not considered in the above analysis. Errors in these estimates could effect

the derived parameters such as the total hemoglobin concentration and the blood oxygen

saturation.

To further investigate this point, we have calculated the hemoglobin concentrations

for different assumptions of lipid and bone concentrations started from 5%, since

assuming lower than 5% of lipid and bone does not practically change any of measured

values. It has been shown (Griffith et al. 2013, Griffith et al. 2005) that bone marrow

is made up of ∼ 30− 40% fat in the people with same age range as the subjects of this

study. To study more extreme cases we have assumed 50% fat for the upper limit of the

assumed fat concentration. Previous, studies on sternum have demonstrated that it has

less than 14% bone mineral in healthy subjects (Arbabi 2009). Here we have assumed

20% as the upper range for the mineral concentration. The spectra of the lipid and the

bone mineral were obtained from Ref. Van Veen et al. (2004) and Ref. Pifferi et al.

(2004) respectively.

Table 5. The effect of assuming different concentrations of lipid and bone mineral on

total hemoglobin concentration and blood oxygen saturation calculations.

THC (µM) Oxygen saturation (%)

Only water 77.3 (62.2, 88.6) 71.1 (69.5, 72.3)

Lipid 5% 77.1 (62.4, 88.5) 71.1 (69.4, 72.3)

Lipid 50% 75.7 (60.7, 87.1) 70.7 (69.0, 72.0)

Bone 5% 76.4 (61.3, 87.7) 71.4 (69.8, 72.6)

Bone 20% 73.6 (58.6, 85.0) 72.2 (70.7, 73.6)

Manubrium is mostly red marrow with a soft and spongy inner structure which

suggests that it has a low concentration of bone mineral (Gordon et al. 1976, Arbabi

2009). However, even assumption of 20% bone mineral does not introduce a significant

difference in the distribution of measured hemoglobin concentration (P = 0.4) and the

averaged change in the oxygen saturation is less than 1.5%. In a study on an elder

group of people (67–101 years) who are expected to have a higher fat content (fat

content increases by aging), the average percentage of measured fat was 50% (Griffith

et al. 2005). It demonstrates that assuming 50% as the upper limit is a reasonable

assumption. Even the extreme assumption of 50% for fat content does not change

significantly the distribution of measured hemoglobin concentration (P = 0.7) and

oxygen saturation (P = 0.5). Table 5 demonstrates that assumptions of extreme values

for bone or mineral concentration changes the measured THC in the range of 73.6-77.3

µM and oxygen saturation between 70.7-72.2%. For all assumed concentrations of lipid

and bone,both THC and blood oxygen saturation are normally distributed.

The dependency of the measured parameters on the probe location: As it was mentioned

the height of manubrium was divided to four locations and we measured the locations

from top to bottom (location 1-4). The measured parameters have a slight change over
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the first to last location of probe (see Table 4). Although the change is statistically

significant, it is less than 5% (between two locations).

Since all the measurements were done in the same order, to test the repeatability of

the measurements when the order is changed, we have repeated the measurements on two

subjects. Here, we measured the manubrium four times per subject; two measurements

top to bottom and two measurements bottom to up. The results indicate that the

measurement order is not an effective parameter (Figure 10).
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Figure 10. Four measurements on four locations. Crosses are measurements from top

to bottom and circles are representing measurements from bottom to top. Orange is the

first measurement and blue the second time. The plot demonstrate the independency

of the results on the order of measurements. (Left) Absorption coefficient. (Middle)

Scattering coefficient. (Right) Blood flow index.

Small dependency of the measured value on the location of probe suggests that in

the next series of measurement on the healthy or malignant manubrium very precise

locating of probe is not necessary. We can approximately put the probe on the center

of manubrium. Since the measured values do not depend on the order of measurement,

we can relocate the probe couple of times to have an average value of all positions near

to center of manubrium for each subject.

Correlations between the measured parameters: Figure 4 demonstrates the correlation

between measured physiological parameters. Oxygen saturation and hemoglobin

concentration increases (however the change is small) when the blood flow increases.

These are within expectations. The lack of or small correlation between parameters

reflects the differences in the baseline metabolism of the subjects. It strengthens our

motivation to use hybrid diffuse optics for this study.

The sensitivity of the measurement on the overlying tissue and the pressure on it: In

this measurement the skin-fat tissue is a non-desirable volume that is located between

the optical probe and the manubrium. We try to minimize the partial volume effect

of this superficial tissue. The partial volume effect problem in this study is similar

to the brain measurements with less complication, because in the brain measurements
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there are several a non-desirable layers (skin-fat, skull and cerebrospinal fluid) some

of which (skull) are not directly accessible. Despite all these layers the penetration of

near infrared light in the brain is well-validated (Durduran & Yodh 2014). Mesquita

et al. (2013) demonstrated that the application of pressure to the optical probe (which

is transmitted to the tissue in contact with the probe) would alter the partial volume

effect contributions from the scalp and minimize them at the highest pressures. With

the goal of minimizing the partial volume effect we have have applied high (but still

comfortable) probe pressures. The target tissue in this study is a bone. While the

probe pressure compresses the overlying tissue and alters the hemodynamics, due to the

rigid structure of the manubrium we do not expect its hemodynamics to be affected by

pressure. Furthermore, we have tested the effect of probe pressure on the manubrium

by putting a load sensor between the manubrium and optical probe (Figure 11).
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Figure 11. The effect of probe pressure on the measurement of (Left) total hemoglobin

concentration and (Right) blood flow index. In the low pressure regime the measured

values are sensitive to the pressure increases until the pressure reaches to a threshold

value. After the threshold, the increase in probe pressure does not change the measured

THC or blood flow index.

In the low pressure condition, an increase in pressure led to a higher THC (lower

BFI) up to a certain pressure threshold. The increased probe pressure “squeezes out” the

superficial blood and, therefore, we probe a larger portion of the manubrium which has a

higher THC than overlying tissue (skin and fat) and lower blood flow. This, in turn, leads

to the observed changes. After reaching the threshold, there is a plateau and pressure

change does not affect the measured parameters. Therefore, in the measurement of

subjects we kept the pressure at the highest possible, comfortable amount. Considering

our probe design, fibers tips protrude out of the probe surface, presumably such a

pressure compresses the overlying tissue on the measured area (Figure 1) and minimizes

the skin effect. A future probe may include a calibrated load sensor to equalize this

effect between subjects.

The sensitivity of the measurement to the physical condition of the subjects: Figure

6 demonstrates that the measured physiological parameters are not sensitive to the

thickness of overlying tissue. On the other hand, skinfold values are highly correlated



Characterization of manubrium by diffuse optical spectroscopy 19

with BMI and people with higher BMI have lower hemoglobin concentration (Figure

7). This correlation can be explained by following two conjectures. First of all, it has

been shown that bone mineral density (BMD) is decreased in people with higher BMI

(Reid 2008, Hsu et al. 2006), this decrease in BMD of bone marrow may reduce the

measured absorption coefficient. As long as we are not considering bone mineral in our

chromophores, this reduction is reflected in the measured hemoglobin and consequently

make the THC and BMI correlated. Secondly, in a recent study (Bredella et al. 2013)

the correlation between serum lipid levels and bone marrow fat is observed. BMI and

serum lipids also have positive correlation (Wakabayashi 2004). It can be concluded

that in subjects with higher BMI, the red marrow cellularity would be lower. As red

marrow is metabolically more active than marrow fat and is expected to have higher

blood supply. Therefore, a lower THC is expected in the subjects with lower red marrow

cellularity.

In Figure 6, one can observe a positive correlation between BMI and oxygen

saturation. Since tissue with lower cellularity is physiologically less active, the oxygen

consumption will be lower therefore the oxygen saturation increases.

However, to validate these hypotheses we need measurements with more

wavelengths to be able to calculate the fat and bone mineral concentration for each

subject individually. Then, we can investigate the correlation between BMI and lipid

or bone concentration.

The dependency of the parameters on the gender of subjects: Optical parameters (µa

and µs
′) as well as THC and BFI do not show any dependency on the gender of

subjects while oxygen saturation in females is lower than males (≈ 2%, P = 0.02).

This observation can be explained as the effect of BMI on oxygen saturation. In Figure

7, it is shown that subjects with higher BMI have higher oxygen saturation. On the

other hand, males have higher BMI in comparison to females (Table 2). Since BMI can

influence the saturation and genders are different in BMI, we should rule out the effect

of BMI. We have performed this by fitting an LME in which has BMI in addition to the

gender and location of the probe as fixed effect. The results demonstrate that gender

does not have a significant difference in oxygen saturation and BMI is the dominant

parameter.

The dependency of parameters on the age of the subjects: Although hematological

malignancies are the most common cancer in children and adolescents, due to ethical

concerns we did not measure on this group of subjects. The effect of aging on

the composition of bone marrow is well studied (Griffith et al. 2013, Richards

et al. 1988, Justesen et al. 2001). In this study, we have measured a narrow range

of age (24-42) in order to avoid any significant dependency of measured parameters on

age. The correlation plots also shows that the chosen range of age is tight enough to

have no significant correlation between measured optical parameters and age.
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Outlook to the future: This study aimed to characterize the optical and physiological

properties of healthy bone marrow with the goal of applying diffuse optics to study

hematological malignancies. In the future, regarding this goal, we will characterize the

same tissue on a group of patients with a specific type of hematological malignancy.

The distribution of measured parameters on the healthy tissue will be compared with

the the distribution on the malignant tissue. It is also interesting to observe the effect

of anti-angiogenic therapy on the measured parameters.

5. Conclusions

Since hematological malignancies affect the red bone marrow, we have sought to

investigate a noninvasive optical technique for the manubrium as a site, rich of red

bone marrow in the adults. For the first time, we have characterized the optical and

hemodynamics properties of the manubrium in thirty-two healthy subjects using TRS

and DCS. This study is the first step in the path of applying optics for the studies on

bone marrow cancer. The distribution of optical and physiological parameters in the

healthy bone marrow is demonstrated. Measuring the same parameters in the patients

with hematological malignancies will illustrate the difference between distribution of

measured parameters on the healthy and malignant marrow. It can be applied for

screening purposes to detect subjects with high risk of hematological malignancies. We

can also monitor to changes in optical and physiological parameters induced by anti-

angiogenic therapies to predict the effect of treatment and personalize the therapy.
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Appendix A.

In the following tables the measured optical and physiological parameters for each

subject averaged over all locations are reported.

Table A1. Absorption coefficient (cm−1)

Subject λ = 690 nm λ = 785 nm λ = 830 nm

01 0.10 ± 0.00 0.11 ± 0.00 0.12 ± 0.00

02 0.15 ± 0.01 0.15 ± 0.01 0.16 ± 0.01

03 0.10 ± 0.00 0.10 ± 0.01 0.10 ± 0.01

04 0.08 ± 0.01 0.09 ± 0.01 0.10 ± 0.01

05 0.17 ± 0.00 0.16 ± 0.01 0.17 ± 0.01

06 0.14 ± 0.01 0.15 ± 0.01 0.16 ± 0.01

07 0.12 ± 0.01 0.12 ± 0.01 0.12 ± 0.01

08 0.09 ± 0.01 0.09 ± 0.01 0.10 ± 0.01

09 0.13 ± 0.00 0.13 ± 0.00 0.14 ± 0.00

10 0.15 ± 0.00 0.16 ± 0.00 0.17 ± 0.00

11 0.12 ± 0.01 0.14 ± 0.01 0.15 ± 0.01

12 0.14 ± 0.02 0.15 ± 0.02 0.16 ± 0.02

13 0.10 ± 0.01 0.11 ± 0.01 0.12 ± 0.01

14 0.16 ± 0.02 0.17 ± 0.02 0.17 ± 0.02

15 0.19 ± 0.02 0.19 ± 0.02 0.19 ± 0.02

16 0.13 ± 0.01 0.15 ± 0.01 0.16 ± 0.01

17 0.21 ± 0.03 0.20 ± 0.02 0.21 ± 0.02

18 0.18 ± 0.01 0.18 ± 0.01 0.20 ± 0.01

19 0.17 ± 0.01 0.17 ± 0.01 0.18 ± 0.01

20 0.17 ± 0.00 0.19 ± 0.00 0.20 ± 0.00

21 0.11 ± 0.00 0.12 ± 0.00 0.13 ± 0.00

22 0.22 ± 0.02 0.22 ± 0.01 0.24 ± 0.02

23 0.05 ± 0.01 0.06 ± 0.01 0.06 ± 0.01

24 0.14 ± 0.01 0.15 ± 0.01 0.16 ± 0.01

25 0.15 ± 0.02 0.16 ± 0.02 0.18 ± 0.02

26 0.12 ± 0.02 0.12 ± 0.02 0.14 ± 0.02

27 0.20 ± 0.01 0.19 ± 0.01 0.21 ± 0.02

28 0.13 ± 0.01 0.14 ± 0.01 0.15 ± 0.01

29 0.17 ± 0.01 0.17 ± 0.01 0.18 ± 0.01

30 0.11 ± 0.00 0.12 ± 0.00 0.13 ± 0.00

31 0.16 ± 0.02 0.17 ± 0.03 0.18 ± 0.03

32 0.12 ± 0.00 0.14 ± 0.00 0.15 ± 0.00
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Table A2. Reduced scattering coefficient (cm−1)

Subject λ = 690 nm λ = 785 nm λ = 830 nm

01 10.1 ± 0.4 09.5 ± 0.3 08.9 ± 0.4

02 11.4 ± 0.3 10.4 ± 0.2 09.3 ± 0.2

03 10.4 ± 0.7 09.9 ± 0.7 09.2 ± 0.6

04 09.6 ± 0.9 09.3 ± 0.9 08.6 ± 0.9

05 10.8 ± 1.0 10.2 ± 0.8 09.3 ± 0.7

06 10.1 ± 1.1 09.7 ± 1.0 08.8 ± 0.9

07 11.0 ± 1.2 10.6 ± 1.1 09.9 ± 1.0

08∗ 09.3 ± 0.3 08.9 ± 0.2 08.2 ± 0.2

09 09.8 ± 0.3 09.0 ± 0.3 08.3 ± 0.3

10 10.0 ± 0.8 09.3 ± 0.7 08.5 ± 0.7

11 09.7 ± 0.6 09.0 ± 0.5 08.3 ± 0.5

12 10.4 ± 0.7 09.6 ± 0.7 08.6 ± 0.6

13 09.9 ± 0.1 09.2 ± 0.2 08.5 ± 0.2

14 13.2 ± 0.4 12.6 ± 0.3 11.2 ± 0.3

15∗ 12.1 ± 0.4 11.5 ± 0.3 10.1 ± 0.3

16 09.7 ± 0.3 08.9 ± 0.3 08.3 ± 0.3

17 11.0 ± 0.3 10.1 ± 0.2 09.2 ± 0.3

18∗ 11.1 ± 0.4 10.2 ± 0.6 09.0 ± 0.5

19 12.1 ± 0.4 11.5 ± 0.4 10.2 ± 0.4

20 10.7 ± 0.2 10.3 ± 0.2 09.5 ± 0.2

21 10.3 ± 0.2 09.6 ± 0.2 08.9 ± 0.2

22 10.2 ± 0.5 09.2 ± 0.7 08.4 ± 0.5

23 09.5 ± 0.2 08.7 ± 0.2 08.1 ± 0.2

24 09.4 ± 0.5 08.9 ± 0.5 08.1 ± 0.4

25 11.3 ± 0.9 10.3 ± 0.8 09.4 ± 0.7

26 11.1 ± 0.4 10.1 ± 0.4 09.6 ± 0.3

27 09.8 ± 1.6 09.0 ± 0.6 08.4 ± 0.6

28 09.0 ± 0.5 08.3 ± 0.5 07.9 ± 0.5

29 10.2 ± 0.6 09.1 ± 0.5 08.3 ± 0.4

30 09.5 ± 0.2 08.8 ± 0.1 08.2 ± 0.1

31 10.8 ± 0.6 10.2 ± 0.5 09.0 ± 0.6

32 09.7 ± 0.3 09.4 ± 0.3 08.3 ± 0.3

∗ Smoker subjects.
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Table A3. Physiological parameters

Subject Blood flow index (cm2/s) Blood volume Oxygen saturation (%)

01 4.4×10−9 ± 1.6×10−9 56.0 ± 1.4 71.4 ± 2.1

02 4.0×10−9 ± 3.7×10−10 77.3 ± 5.8 69.8 ± 0.9

03 3.5×10−9 ± 6.2×10−10 50.0 ± 3.1 68.5 ± 1.8

04 7.4×10−9 ± 2.0×10−9 48.4 ± 5.6 73.6 ± 1.2

05 6.5×10−9 ± 2.6×10−9 82.1 ± 5.4 65.2 ± 3.3

06 5.6×10−9 ± 1.4×10−9 78.7 ± 3.3 71.0 ± 1.1

07 3.5×10−9 ± 1.0×10−9 60.6 ± 3.9 69.4 ± 1.4

08∗ 2.7×10−9 ± 6.3×10−10 46.7 ± 4.8 68.5 ± 1.8

09 3.7×10−9 ± 1.2×10−9 70.1 ± 1.8 70.5 ± 1.0

10 6.5×10−9 ± 2.9×10−9 83.6 ± 2.1 71.7 ± 0.7

11 4.5×10−9 ± 1.1×10−9 73.2 ± 6.6 75.0 ± 0.5

12 7.3×10−9 ± 3.0×10−9 79.8 ± 10.5 71.8 ± 1.2

13 5.1×10−9 ± 1.0×10−9 55.5 ± 5.7 71.9 ± 1.1

14 7.5×10−9 ± 2.4×10−9 85.8 ± 9.3 70.6 ± 0.6

15∗ 2.9×10−9 ± 5.3×10−10 95.3 ± 11.4 67.8 ± 0.8

16 8.7×10−9 ± 2.6×10−9 77.2 ± 5.3 73.3 ± 0.6

17 4.8×10−9 ± 1.1×10−9 103.7 ± 12.1 65.9 ± 1.7

18∗ 1.0×10−8 ± 5.3×10−9 95.9 ± 4.0 70.1 ± 2.1

19 4.3×10−9 ± 6.9×10−10 88.8 ± 4.8 68.8 ± 1.1

20 8.2×10−9 ± 2.2×10−9 98.1 ± 1.8 72.6 ± 0.8

21 4.7×10−9 ± 1.0×10−9 61.1 ± 1.0 73.4 ± 0.9

22 5.2×10−9 ± 1.5×10−9 115.4 ± 6.3 70.1 ± 2.7

23 9.7×10−9 ± 3.1×10−9 29.6 ± 3.0 76.9 ± 1.3

24 5.8×10−9 ± 1.9×10−9 77.3 ± 6.1 72.1 ± 1.3

25 9.2×10−9 ± 1.7×10−9 86.5 ± 9.2 74.1 ± 1.0

26 3.8×10−9 ± 1.1×10−9 66.0 ± 9.2 71.8 ± 1.1

27 8.4×10−9 ± 1.7×10−9 101.0 ± 6.7 68.4 ± 2.3

28 4.9×10−9 ± 2.0×10−9 71.4 ± 4.3 70.8 ± 0.5

29 6.0×10−9 ± 1.5×10−9 90.0 ± 5.9 69.5 ± 1.0

30 4.1×10−9 ± 1.4×10−9 63.4 ± 2.4 71.9 ± 0.6

31 4.8×10−9 ± 1.2×10−9 88.4 ± 14.6 71.2 ± 1.4

32 4.6×10−9 ± 1.6×10−9 70.6 ± 1.9 73.2 ± 1.4

∗ Smoker subjects.
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Näslund J, Pettersson J, Lundeberg T, Linnarsson D & Lindberg L G 2006 Non-invasive continuous

estimation of blood flow changes in human patellar bone. Medical & biological engineering &

computing 44(6), 501–9.
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