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ABSTRACT

Intraosseous blood circulation is thought to have a critical role in bone growth and remodeling, fracture healing, and bone disorders.
However, it is rarely considered in clinical practice because of the absence of a suitable noninvasive in vivo measurement technique.
In this work, we assessed blood perfusion in tibial cortical bone simultaneously with blood flow in the superficial femoral artery with
ultrasound imaging in five healthy volunteers. After suppression of stationary signal with singular-value-decomposition, pulsatile
blood flow in cortical bone tissue is revealed, following the heart rate measured in the femoral artery. Using a method combining
transverse oscillations and phase-based motion estimation, 2D vector flow was obtained in the cortex of the tibia. After spatial aver-
aging over the cortex, the peak blood velocity along the long axis of the tibia was measured at four times larger than the peak blood
velocity across the bone cortex. This suggests that blood flow in central (Haversian) canals is larger than in perforating (Volkmann's)
canals, as expected from the intracortical vascular organization in humans. The peak blood velocity indicates a flow from the endos-
teum to the periosteum and from the heart to the foot for all subjects. Because aging and the development of bone disorders are
thought to modify the direction and velocity of intracortical blood flow, their quantification is crucial. This work reports for the first
time an in vivo quantification of the direction and velocity of blood flow in human cortical bone. © 2021 The Authors. JBMR Plus pub-

lished by Wiley Periodicals LLC on behalf of American Society for Bone and Mineral Research.

KEY WORDS: MUSCULOSKELETAL DISEASES; BONE ULTRASOUND; ANALYSIS/QUANTITATION OF BONE; RADIOLOGY; AGING

Introduction

B ased on studies with animal models, intraosseous blood cir-
culation is considered to play a key role in bone growth and
remodeling, bone metabolism, fracture healing, osteointegra-
tion of bone scaffold, the development of bone disorders and
metastasis, and joint diseases."'” Yet our knowledge of
intraosseous blood flow remains extremely scarce compared to
other organs, because of a lack of suitable and accurate noninva-
sive methods for its in vivo quantification.

In animals, the microsphere technique is generally accepted
as the “gold standard” for measuring blood perfusion in bone."
It is invasive, as it requires sampling of tissue and embolization of
capillaries, and is therefore inapplicable in humans.

The in vivo assessment of intraosseous blood flow in humans
has been attempted with several techniques. Dynamic
contrast-enhanced magnetic resonance imaging (DCE-MRI)

and diffusion-weighted MRI have been proposed to assess mar-
row perfusion in trabecular bone and were limited to rather large
regions of interest (vertebra, femoral head).">' Recently, Wan
and colleagues™ showed that DCE-MRI can assess cortical bone
perfusion. Dynamic positron emission tomography (D-PET) uses
ionizing radiation, and its low spatial resolution (about 5 mm)
does not allow the clear distinction between blood flow in cortical
bone, marrow, and soft tissues surrounding bone. Even if DCE-MRI
and D-PET can provide an absolute estimation of the time-
averaged blood flow rate, the acquisition time is long (up to
1 hour); the outcome relies on tracer kinetic modeling and the
measurement of an arterial input function. Researchers often
choose to measure semiquantitative parameters that do not pro-
vide an absolute measure of blood flow.*'® Near-infrared optical
flowmetry® (laser Doppler and photoplethysmography) has also
been applied to the assessment of intraosseous blood flow, but
it is limited to an investigation depth of about 1 cm and, like
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PET, has low spatial specificity.’” Although optical flowmetry
achieves excellent temporal resolution and enables the measure-
ment of blood flow pulsatility, it only provides a semiquantitative
measurement of blood flow. It is also worth noticing that none of
the existing techniques to measure intraosseous blood circulation
can determine the direction of blood flow. Moreover, although
these techniques have been used for research, they are not used
for routine clinical diagnosis of bone perfusion.

Although the relevance of blood flow to bone disorders has
been confirmed in animal models, this has not been shown as
clearly in humans. DCE-MRI showed increased contrast agent per-
fusion in knee osteoarthritis and proximal femur osteoarthritis,'®
whereas decreased contrast agent perfusion was observed in
proximal femur osteoporosis and spine osteoporosis.*'? D-PET
with radioactive water ('°O-water) evidenced increased time-
averaged blood flow rate in the osteoarthritic femoral head®”
and a 14-fold increase in tibial blood flow 2 weeks after frac-
ture."® D-PET with 18F-Fluoride demonstrated that skeletal blood
flow is associated with the rate of bone remodeling activity.®"
Accordingly, elevated intraosseous blood flow was measured in
patients with Paget's disease.*?

Ultrasound imaging is relatively inexpensive, does not pro-
duce ionizing radiation, offers good spatial resolution and excel-
lent temporal resolution, and has the potential to investigate
deeper tissues compared to optical techniques. Ultrasonography
provides a direct and absolute measurement of the velocity and
direction of blood flow.?*?* Nonetheless, clinical ultrasound
scanners currently rely on a major assumption during image
reconstruction: the speed of sound in the region of interest is
assumed to be uniform. This assumption is valid for soft tissues,
but it does not hold for bone. As a result, conventional ultraso-
nography fails to evaluate blood flow in cortical bone and mar-
row; only the vascularization of the periosteum (the membrane
that covers the outer surface of bones, as shown in Fig. 1) could
be assessed.>>2%)

In this work, we present an approach that overcomes the cur-
rent limitations of conventional ultrasonography and provides a
directional and quantitative measurement of blood flow in
human cortical bone using ultrasound imaging. Our approach
is evaluated in vivo to achieve, for the first time, a quantitative
measurement of blood flow in the diaphyseal cortex of the
human tibia.
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Fig 1. Ultrasound imaging of the bone cortex at the tibia. This figure shows a 3D schematic representation of bones in the leg, the probe positioning on
the tibia, the image plane, and the corresponding ultrasound image. The ultrasound probe was placed on the medial surface of the tibia, in the middle of
the diaphysis. The blue plane indicates the ultrasound image plane. Three distinct layers are visible in the ultrasound image, namely cutaneous tissue,
cortical bone, and the marrow. Haversian canals (2) provide a passage for blood vessels and nerve fibers through the hard bone matrix. In addition,
the perforating Volkmann'’s canals (1) ensure communication between Haversian canals. Blood can therefore circulate between the periosteum and
the endosteum. Note that the 3D schematic representation of the vascular organization in the diaphysis of a long bone depicts a cortex with a small thick-
ness (<1 mm, whereas the tibial cortical thickness is about 5 mm). Modified excerpt from Complete Anatomy ’20 with permission from 3D4Medical (www.
3d4medical.com). (1): Volkmann'’s canal; (2): Haversian canal; (3): osteon; (4): periosteum; (5): endosteum.
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Subjects and Methods

This section presents the materials and methods used to mea-
sure blood flow in the tibial cortex and in the femoral artery.

Ultrasound imaging

We used a Vantage 256 ultrasound scanner (Verasonics, Kirkland,
WA, USA). With 256 channels in emission and reception, we were
able to connect two ultrasound transducers to the ultrasound
scanner to image the femoral artery and the tibia simultaneously.
An L7-4 linear array (ATL Philips, Bothell, WA, USA) was used
for imaging the superficial femoral artery and a P4-1 phased
array (ATL Philips) was used for imaging the cortex of the tibia.

Refraction-corrected ultrasound imaging of bone

In this work, we used synthetically-focused ultrasound imaging
consisting of a coherent summation of images with low contrast

resolution, obtained from different insonification angles, into
one image with high contrast resolution. Low-resolution images
can be achieved in different ways, typically by transmitting either
plane or spherical waves.?”?® As shown in Fig. 2A, we used the
transmission of multiple steered plane waves. Unlike conventional
focused-beam scanning, this technique allows synchronous mea-
surement of blood flow in the entire region of interest.*”)

In this study, an ultrasound probe was placed on the medial
surface of the tibia of volunteers to generate a longitudinal 2D
image of the diaphysis. Relying on previous work,?
refraction-corrected image reconstruction was accomplished.
Unlike conventional medical ultrasonography, which assumes
a homogeneous medium during image reconstruction, our
approach describes the scanned region as a layered medium.
Three layers are considered, namely cutaneous tissue, cortical
bone, and marrow. The compressional wave-speed in cortical
bone is more than double the wave-speed in soft tissues. The
resulting change in propagation direction (refraction) as ultra-
sound waves traverse the outer or inner surface of the bone
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Fig 2. Workflow for the estimation of intraosseous blood perfusion. (A) Ultrasound imaging of bone was performed by acquiring 400 compound images
at a frame rate of 100 Hz, each frame obtained from 15 planar illuminations tilted from —8 degrees to +8 degrees in the cutaneous tissue. (B) The blood
signal was extracted from the bone signal by applying a clutter filter based on SVD. (C) The power Doppler was calculated from the resulting sequences.
Moreover, the axial (long bone axis) and radial (transcortex) components of the blood velocity were estimated using the transverse oscillation approach.
(D) The same procedure applied to the raw reconstructed images (without SVD filter) shows bone motion relative to the hand-held probe. The hemody-
namic parameters are shown for a single pixel indicated in the images by a white square. SVD = singular value decomposition.
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cortex must be taken into account for accurate image recon-
struction and blood velocity estimation. In addition, cortical
bone exhibits wave-speed anisotropy that was also accounted
for in our reconstruction method using a three-parameter weak
anisotropy model.?%3" The wave-speed values previously mea-
sured in healthy volunteers were used for all healthy volunteers
in this new study. More details are provided in the Supplemental
Materials and Methods.

Then, after accurate calculation of round-trip travel times of
ultrasound waves, a delay-and-sum approach is applied for
reconstructing the images.

Blood flow estimation in cortical bone

In order to capture blood flow, the procedure to generate one
image of the cortex was repeated 100 times per second, during
a continuous examination of 4 seconds. With the ultrasound
technique used in this study, we achieved a spatial resolution
close to 1.5 mm in the image of the bone cortex. Consequently,
the pores and blood vessels in the cortical bone were not
resolved in the ultrasound image. Instead, an ultrasound image
of the bone cortex shows speckle, as seen in Fig. 1.

During the 4 seconds of an acquisition, the movement of
erythrocytes through blood vessels causes temporal fluctuations
in the image. However, relative motion between the hand-held
ultrasound probe and the tibia causes small and slow fluctua-
tions of image intensity as well. These blood-unrelated fluctua-
tions must be removed to allow quantification of blood
velocity. In general, blood-unrelated fluctuations have a velocity
smaller than fluctuations caused by blood flow (Fig. 2C,D) and
high spatial correlation. Singular value decomposition (SVD)
was used to extract the time-variant component in the ultra-
sound image caused by blood flow®?(Fig. 2B).

Next, blood-related fluctuations in the image were analyzed
to calculate three flow metrics: a flow metrics proportional to

the volume of blood in motion (“power Doppler”)®® and the
two components of blood velocity in the 2D image; ie, the axial
velocity (blood circulating in the direction of the long bone axis)
and the radial velocity (transcortex blood circulation in a direc-
tion perpendicular to the long-bone axis). Power Doppler has
the advantage of being robust to noise, but it is relatively angle
independent®® and provides no absolute measurement of
blood flow velocity. Despite their higher sensitivity to noise, sev-
eral methods are known in the literature for estimating the 2D
vector flow mapping.>?*3* Here, we chose a method combin-
ing a phase-based motion estimation and the transverse oscilla-
tion technique®>—7 to calculate the axial and radial components
of blood velocity at all pixels in the ultrasound image (see the
Supplemental Materials and Methods for more details).

The 4-second acquisition procedure was repeated three times
with repositioning of the probes on five healthy volunteers. A
continuous recording of 4 seconds ensured that at least three
cardiac cycles were observed each time. Each subject was laid
down on a hospital bed.

Blood estimation in the superficial femoral artery

To compare the pulsatility of the blood flow measured in tibial cor-
tical bone with that in the main arterial input in the lower leg, the
ultrasound examination was performed simultaneously at the tibia
and at the superficial femoral artery, using two hand-held ultra-
sound probes operated by one research ultrasound system. Flow
quantification in the superficial femoral artery was performed with
conventional Doppler ultrasound imaging (see the Supplemental
Materials and Methods for details).

Peak flow velocity and heart rate were assessed in the femoral
artery (Fig. 3) for comparison with the periodicity of blood flow
estimated in tibial cortical bone. Because the power Doppler sig-
nal is more robust to noise, we used this hemodynamics param-
eter to estimate the heart rate.
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Fig 3. Blood flow imaging in the superficial femoral artery. A total of 400 ultrasound Doppler quantifications were acquired at a rate of 100 Hz. Each quan-
tification was obtained with 30 identical titled (steering angle = 20 degrees) plane-wave transmissions at a pulse repetition rate of 5000 Hz. After SVD
filtering, a conventional Doppler technique was applied to each ensemble of 30 images. The two blue curves show the power Doppler signal and blood
flow velocity along the artery’s axis. The red circles indicate the power Doppler signal peaks and were used to measure the heart rate. Modified excerpt
from Complete Anatomy ’20 with permission from 3D4Medical (www.3d4medical.com).
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Table 1. Subject Age, Total Number of Recorded Cardiac Cycles, and Parameters for SVD Clutter Filtering and Transverse Oscillations

Method parameters

Subject Age (years) Total number of cardiac cycles SVDfilter threshold Transverse oscillations A 0x (mm)
1 32 13 50 35
2 46 9 40 35
3 65 9 50 35
4 60 8 40 35
5 28 10 30 35

Human subjects

Five healthy subjects (Table 1) were recruited following approval
from the local medical ethics committee of Erasmus MC Univer-
sity Medical Centre Rotterdam, The Netherlands (MEC-2014-611).
All participants provided written informed consent.

Results

Hemodynamics measured in tibial cortical bone

The measured bone displacement with respect to the probe was
inferior to 0.5 mm, with a peak velocity close to 0.1 mm/s, for all
subjects and showed no pulsatility (Fig. 2D). After SVD filtering of
these slow fluctuations caused by relative probe-bone motion,
the results revealed pulsatile blood flow in cortical bone tissue.
Figure 2C shows that reproducible pulsatility was observed in
all hemodynamic parameters at a given image pixel, namely
power Doppler, axial velocity, and radial velocity.

The ultrasound image did not resolve the small blood vessels
in cortical bone, and cortical bone possesses a rather organized
vascularization with two principal flow directions (Haversian
and Volkmann’s canals). Because of these two facts, we proposed
to spatially average the blood-velocity vector field over the
investigated region of cortex (Fig. 4), which corresponds to a vol-
ume of 5mm x 15 mm x 10 mm (out-of-plane image thick-
ness). Interestingly, after spatial averaging over the cortex,

pulsatile perfusion was observed in tibial cortical bone in all five
subjects (Figs. 4 and 5). Table 2 and Fig. 6 summarize the quanti-
tative flow metrics measured for the five subjects. The peak
blood velocity in the direction of the tibia axis (axial velocity)
was four to five times larger than that across the cortex (radial
velocity). For all five subjects, the largest blood motion corre-
sponded to blood circulating from the medullary cavity to the
periosteum (ie, centrifugal flow, from the marrow to the .outside
of the tibia, see Figs. 6A1 and 6A3), and from the heart to the foot
(Figs. 6B1 and 6B3).

The time-averaged radial and axial blood velocities measured
in cortical bone over the 4 seconds of recording (Table 2 and
Figs. 6A2, 6B2) are small (less than 1 mm/s) and show large vari-
ability. Therefore no physiological interpretation of these flow
metrics can be made. The smallest negative peak blood veloci-
ties were observed in volunteer 3 (Figs. 6A3, 6B3, Tables 3 and
4); the axial and radial peak velocities reached —7.7 mm/s
and — 1.1 mm/s, respectively (averaged over 12 heartbeats).
The largest negative peak blood velocities were observed in
volunteer 1 (Figs. 6A3, 6B3, Tables 3 and 4); the axial and radial
peak velocities reached —13.9 mm/s and —3.0 mm/s, respec-
tively (averaged over nine heartbeats).

The flow pulsatility frequency in cortical bone was measured
very close to the heart rate observed in the superficial femoral
artery, as expected (Table 5). However, no correlation was
obtained between the flow peak velocity in the femoral artery
and in cortical bone (data not shown).
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Table 2. The Peak Negative, Peak Positive, and Temporally Aver-
aged Values of the Axial, and Radial Blood Velocity in Tibial Cor-
tical Bone Averaged over the Five Subjects

Average over

Blood velocity (mm/s) five subjects  SD

Axial negative peak (long-bone axis, —-9.9 23
toward foot)

Axial positive peak (long-bone axis, 79 16
toward the heart)

Axial time average (long-bone axis) —-04 0.3

Radial negative peak (centrifugal -23 0.7
transcortex flow)

Radial positive peak (centripetal 1.6 03
transcortex flow)

Radial time average (transcortex flow) —0.1 0.1

The sign convention is depicted in Fig. 4.

Discussion

Comparison with current knowledge of microporosity of
human cortical bone and microvascular flow in other
organs

In more than 90% of the cases, the human tibia has one nutrient
artery, which penetrates the cortex through a nutrient foramen
located below the tibial plateau, at the first proximal third of the
tibial length.®® In the medullary cavity, the nutrient artery
divides into ascending and descending branches. It is generally
accepted that the nutrient artery supplies the marrow and the
inner two-thirds of the cortex. The other one-third of the corti-
cal blood supply is derived from the periosteal vascular sys-
tem.®® The Haversian canals provide a passage for blood
vessels and nerve fibers through the hard bone matrix, along
the direction of the long-bone axis. Most canals contain a single
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Fig 6. Blood velocity measured in tibial cortical bone for the five subjects. The left column (A) shows the radial blood velocity corresponding to blood flow
in Volkmann's canals. The right column (B) shows the axial velocity corresponding to flow circulating in the Haversian canals. Both columns include the
peak positive, peak negative, and time-averaged values estimated in multiple cardiac cycles for each volunteer. The middle column shows an example of
the axial velocity. The axial (radial) peak positive velocity was found between 5.7 (1.3) mm/s and 9.4 (2) mm/s, and the peak negative velocity between
—13.9 (—3) mm/s and —7.7 (—1) mm/s, respectively. In each box, the central mark indicates the median, red crosses indicate outlier values, and the bot-
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tration to define the quantification parameters. The axial and radial velocity parameter values are also shown in Tables 3 and 4, respectively.

Table 3. Axial Velocity Measurements of Blood Perfusion in the
Tibial Cortex

Axial velocity (mm/s)

Peak positive Time-average Peak negative

vessel of capillary structure, although wide canals can contain
both an arteriole and a venule.”” In addition, the perforating
Volkmann'’s canals (Fig. 1, (1)) enable blood flow and the pas-
sage of nerves between the Haversian canals and across the
cortex. Human cortical bone contains more Haversian canals

Subject Average SD Average SD  Average SD
Table 5. Heart Rate Measured With the Power Doppler Signal in
1 8.0 4.5 -0.8 24 —13.9 7.2 the Superficial Femoral Artery and in Tibial Cortical Bone
2 9.4 5.0 -03 1.0 —-94 3.6 Cardi te (beat/min)
3 5.7 25  —04 1.0 -77 15 e e
4 9.3 44 0.02 1.6 -9.9 34 Subject Acquisition Femoral artery Cortical bone
5 7.1 3.0 —05 1.1 -89 3.7 1 1 1 73
2 76 76
3 71 68
Table 4. Radial Velocity Measurements of Blood Perfusion in the 2 1 48 48
Tibial Cortex 2 47 48
- - 3 42 43
Radial velocity (mm/s) 3 ] 64 63
Peak positive Time-average Peak negative 2 63 63
. 3 64 69
Subject Average SD Average SD Average SD 4 1 47 47
1 1.6 0.8 -03 0.5 -3.0 1.0 2 44 46
2 2.0 0.7 0.02 0.3 —24 0.7 3 48 49
3 13 0.4 0.1 0.2 —1.1 0.3 5 1 70 72
4 1.6 0.8 —0.2 0.5 —26 0.7 2 73 73
5 15 0.7 —0.2 0.4 -23 1.0 3 72 72
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than Volkmann’s canals.“? In the cortex of the diaphysis of an
adult human long bone, the Haversian canals are nearly aligned
with the axis of the long bone.*" Therefore blood in human
diaphyseal cortical bone is expected to circulate mainly in the
direction of the long-bone axis. The median diameter of Haver-
sian canals in adult human cortical bone was reported between
40 and 100 um, and the density of Haversian canals is close to
10 pores/mmZ2.“>=*¥ Therefore, the median vessel diameter in
human adult cortical bone is expected to be smaller than
40 to 100 pm, and the vessel density is expected to be close
to 10 vessels/mm?. A recent study observed blood vessels in
human femoral cortical bone with a diameter of 50 &+ 10
um.“) Older investigations reported intracortical vessels with
a diameter of 15 to 30 pm.“® Blood velocity in such small ves-
sels has been investigated with two-photon laser scanning
microscopy in other organs. In the brain of rodents, pulsatile
blood flow in small vessels of similar size was measured with
a peak velocity from 1 mm/s to 10 mm/s, depending on the
vessel diameter.®”

Our findings are therefore in good agreement with current
knowledge of the organization of the porosity in human cortical
bone and blood velocity in capillaries measured in animals in
other organs. First, pulsatile blood flow was observed in human
cortical bone at the tibia with a pulsatility rate very close to the
heart rate measured in the superficial femoral artery. Second,
the axial velocity component was found four to five times larger
than the radial velocity component, suggesting a blood flow
mainly in Haversian canals as expected from the intracortical vas-
cular organization.“? In contrast, tibial cortical bone in mice pos-
sesses transcortical capillaries, mainly.*® Next, the axial and
radial blood velocities measured in five healthy subjects are in
the range expected for microvascular circulation; ie, from 1 to
10 mm/s (Tables 2-4).“® Finally, reproducible axial and radial
velocity peaks were observed for every subject, indicating peak
perfusion going from the heart to the foot and from the marrow
to the cutaneous tissue (centrifugal flow). The centrifugal direc-
tion corroborates observations in animals and humans reported
in the literature.*® Our ultrasound examination was performed
in the middle of the diaphysis. Interestingly we observed blood
flow from the heart to the foot in all five volunteers, perhaps
because the nutrient artery systematically enters the tibia at
the first proximal third of the tibial length.

The time-averaged blood perfusion was found to be less than
1 mm/s for both velocity components; therefore, in agreement
with perfusion rate measurements performed in animals with
the microsphere technique, which suggested a mean blood
velocity in the order of 1 mm/s for a purely unidirectional
flow.*? Recently, time-averaged blood velocity in the tibial cor-
tex of mice was reported with intravital laser scanning confocal
microscopy in the order of 1 mm/s.“® Thus our findings are in
fair agreement with measurements reported with other
technologies.

Relevance of the measurement of the velocity and
direction of intraosseous blood flow

Even if the small number of subjects in this study does not allow
us to infer general conclusions, it is interesting to note that the
smallest peak velocity values were observed in the oldest subject
(volunteer 3, age 65 years). Based on the observation of cadav-
eric human long bones of different age, it was proposed that
increasingly severe medullary ischemia with age, brought on
by atherosclerosis of the marrow vessels, would cause blood

supply of the cortex to evolve from a predominantly medullary
blood supply to a predominantly periosteal blood supply.“? This
evolution was thought to reduce the amount of circulating blood
and its speed in the cortex.“”

The proposed approach aimed to characterize blood flow in
small vessels both in Haversian canals (along the bone axis)
and in Volkmann’s canals (perpendicular to the bone axis).
Thanks to the measurement of the axial and radial blood velocity
components, our analysis provides directional information,
which might be of interest for better understanding of bone
physiopathology.

Limitations of the proposed approach

The blood velocity was spatially averaged in a volume of tibial
cortical bone of approximately 5 mm x 15 mm x 10 mm. The
image thickness (10 mm) was determined by the out-of-plane
width of the ultrasound beam generated by the phased-array
probe used in this study. Clearly, the use of a matrix-array probe
would improve the quantification of blood flow in the cortex
because the information on moving blood could also be speci-
fied in the third spatial dimension. As a consequence, the hemo-
dynamics parameters were likely underestimated because the
true vascular organization deviates from our idealized descrip-
tion, assuming only two nearly perpendicular networks of paral-
lel vessels. Moreover, the wide pores in cortical bone may host a
small arteriole and a small venule. Our analysis likely integrates
both arterial and venous flows in a resolution cell of approxi-
mately 1.5 mm x 1.5 mm in the ultrasound image, which leads
to an underestimated measurement of cortical bone blood per-
fusion. Nonetheless, a pulsatile blood flow is expected in small
arterioles only.*” The results presented demonstrate pulsatile
blood flow in the tibial cortex, which suggests predominantly
arterial blood circulation. This finding is in agreement with the
fact that most canals contain a single vessel of capillary
structure.4®)

In this work, an average wave-speed model for cortical bone
was used for all subjects. Knowing that the compressional
wave-speed in cortical bone can vary from one subject to
another,®" we would expect a maximum error of 5% on the
radial velocity component only. The femoral blood velocity
assessment was essential to demonstrate that the pulsatility
observed in the blood perfusion of cortical bone was trustful.
However, due to the 4-second recording, the simultaneous ultra-
sound imaging of the femoral artery and bone, and the hardware
memory limitation, a frame rate of only 100 images per second
has been used, which is the main limitation of the presented
study. Indeed, although 100 images/s is enough to estimate a
10 mm/s blood flow, the limited frame rate and image number
are not optimal for the SVD clutter filter. The quality and the spa-
tial/temporal resolution of the measurements may be improved
by increasing the number of tilted transmissions and the frame
rate. The use of ultrasound contrast agents®? may also signifi-
cantly improve the estimated sensitivity and specificity of the
hemodynamic parameters.

The approach presented herein was able to estimate very
slow blood velocity (1 mm/s). Such blood velocity has already
been estimated in the rat brain with ultrasound imaging through
a cranial window.“® The estimation of very slow blood velocities
in a human bone was possible because bones are rigid, thus the
only limitation is the motion of the bone relative to the probe, in
particular out-of-plane motion. However, this limitation may be
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overcome by using a matrix-array probe that allows 3D motion
correction.

Perspectives

This work reports the measurement of intraosseous blood flow in
the tibial cortex at rest in a supine position. A study of variations
in intraosseous blood flow before, during, and after exercise
would be interesting. As demonstrated with PET, exercise
increases intraosseous blood flow.®*** Such a study will be con-
sidered in future work.

This work presents results obtained at the diaphysis of the
tibia; nonetheless, it could be easily applied to investigate the
vascularization of other long bones such as the femur or radius.
An interesting follow-up study could be the estimation of
intraosseous blood circulation at a different location along a long
bone to assess the heterogeneity of blood circulation in the cor-
tex, which was demonstrated in animals with the microsphere
technique. The presented method might also be used to visu-
alize and measure blood circulation in layers overlying and
underlying the bone cortex such as the cutaneous tissue, muscle,
and marrow, and study the hemodynamic coupling between
layers. The developed approach is expected to unlock the
in vivo noninvasive assessment of intraosseous blood circulation
in humans. Intraosseous ultrasonography could help to gain new
knowledge on vascularization-related bone physiopathological
processes. It may help in the early diagnosis of bone diseases,
in the monitoring of the effect of drugs or therapeutic treat-
ments that have an action on intraosseous blood circulation, or
in the monitoring of fracture healing.

Acknowledgments

This work was funded by a French ANR program (project FUIBCA
ANR-17-CE19-0008-01) and by SATT LUTECH (project BONES).

Authors’ roles

Study design: GR and SS. Preliminary experiments: JS and
GR. Data analysis: SS and GR. Data collection: SS, GR and HJV.
Writing-original draft: SS and GR. Editing and revising manuscript
content: SS, GR, JS and HJV.

Code Availability

The code forimage reconstruction of the bone cortex is available
as supplementary reference material.*® The code for applying
the transverse oscillation method is available online at https://
www.creatis.insa-lyon.fr/ius-special-issue-2014/ (see also
reference.®®

Data Availability

The authors declare that all data supporting this study’s findings
are available within the paper and its Supplementary Informa-
tion. Raw acquired ultrasound data can be made available upon
reasonable request, with permission of Erasmus MC, The
Netherlands, and Sorbonne Université, France.

Peer Review

The peer review history for this article is available at https://
publons.com/publon/10.1002/jbm4.10543.

References

1. Ramasamy SK, Kusumbe AP, Schiller M, et al. Blood flow controls
bone vascular function and osteogenesis. Nat Commun. 2016;7(1):
13601. https://doi.org/10.1038/ncomms13601.

2. Cowin SC, Cardoso L. Blood and interstitial flow in the hierarchical
pore space architecture of bone tissue. J Biomech. 2015;48(5):842-
854. https://doi.org/10.1016/j.jbiomech.2014.12.013.

3. Lafage-Proust M-H, Roche B, Langer M, et al. Assessment of bone vas-
cularization and its role in bone remodeling. Bonekey Rep. 2015;4:662.
https://doi.org/10.1038/bonekey.2015.29.

4. Lafage-Proust M-H, Prisby R, Roche B, Vico L. Bone vascularization
and remodeling. Joint Bone Spine. 2010;77(6):521-524. https://doi.
0rg/10.1016/j.jospin.2010.09.009.

5. Tomlinson RE, Silva MJ. Skeletal blood flow in bone repair and main-
tenance. Bone Res. 2013;1(4):311-322. https://doi.org/10.4248/
BR201304002.

6. Marenzana M, Arnett TR. The key role of the blood supply to bone.
Bone Res. 2013;1(3):203-215. https://doi.org/10.4248/BR201303001.

7. Laroche M. Intraosseous circulation from physiology to disease. Joint
Bone Spine. 2002;69(3):262-269. https://doi.org/10.1016/51297-319X
(02)00391-3.

8. Alagiakrishnan K, Juby A, Hanley D, Tymchak W, Sclater A. Role of vas-
cular factors in osteoporosis. J Gerontol A Biol Sci Med Sci. 2003;58(4):
M362-M366. https://doi.org/10.1093/gerona/58.4.M362.

9. McCarthy I. The physiology of bone blood flow: a review. J Bone Joint
Surg Am. 2006;88(Suppl_2):4. https://doi.org/10.2106/JBJS.F.00890.

10. Prisby RD. Bone marrow microvasculature. Compr Physiol. 2020;10(3):
1009-1046. https://doi.org/10.1002/cphy.c1900009.

11. Serrat MA. Measuring bone blood supply in mice using fluorescent
microspheres. Nat Protoc. 2009;4(12):1749-1758. https://doi.org/10.
1038/nprot.2009.190.

12. Dyke JP, Aaron RK. Noninvasive methods of measuring bone blood
perfusion: noninvasive methods of measuring bone blood perfusion.
Ann N Y Acad Sci. 2010;1192(1):95-102. https://doi.org/10.1111/j.
1749-6632.2009.05376.x.

13. Griffith JF, Yeung DK, Tsang PH, et al. Compromised bone marrow
perfusion in osteoporosis. J Bone Miner Res. 2008;23(7):1068-1075.
https://doi.org/10.1359/jbmr.080233.

14. Baur-Melnyk A. Magnetic Resonance Imaging of the Bone Marrow.
Springer; 2013.

15. Wan L, Wu M, Sheth V, et al. Evaluation of cortical bone perfusion
using dynamic contrast enhanced ultrashort echo time imaging: a
feasibility study. Quant Imaging Med Surg. 2019;9(8):1383-1393.
https://doi.org/10.21037/qims.2019.08.05.

16. Ashcroft GP, Evans NT, Roeda D, et al. Measurement of blood flow in
tibial fracture patients using positron emission tomography. J Bone
Joint Surg. 1992;74(5):673-677.

17. Binzoni T, Spinelli L. Near-infrared photons: a non-invasive probe for
studying bone blood flow regulation in humans. J Physiol Anthropol.
2015;34(1):28. https://doi.org/10.1186/540101-015-0066-2.

18. Aaron RK, Dyke JP, DMCK C, et al. Perfusion abnormalities in sub-
chondral bone associated with marrow edema, osteoarthritis, and
avascular necrosis. Ann N Y Acad Sci. 2007;1117(1):124-137. https://
doi.org/10.1196/annals.1402.069.

19. Shih TT-F, Liu H-C, Chang C-J, Wei S-Y, Shen L-C, Yang P-C. Correlation
of MR lumbar spine bone marrow perfusion with bone mineral den-
sity in female subjects. Radiology. 2004;233(1):121-128. https://doi.
org/10.1148/radiol.2331031509.

20. Temmerman OPP, Raijmakers PGHM, Kloet R, Teule GJJ, Heyligers IC,
Lammertsma AA. In vivo measurements of blood flow and bone
metabolism in osteoarthritis. Rheumatol Int. 2013;33(4):959-963.
https://doi.org/10.1007/s00296-012-2478-1.

JBMR® Plus

ULTRASONIC MEASUREMENT OF HUMAN INTRAOSSEOUS BLOOD FLow 9 of 10


https://www.creatis.insa-lyon.fr/ius-special-issue-2014/
https://www.creatis.insa-lyon.fr/ius-special-issue-2014/
https://publons.com/publon/10.1002/jbm4.10543
https://publons.com/publon/10.1002/jbm4.10543
https://doi.org/10.1038/ncomms13601
https://doi.org/10.1016/j.jbiomech.2014.12.013
https://doi.org/10.1038/bonekey.2015.29
https://doi.org/10.1016/j.jbspin.2010.09.009
https://doi.org/10.1016/j.jbspin.2010.09.009
https://doi.org/10.4248/BR201304002
https://doi.org/10.4248/BR201304002
https://doi.org/10.4248/BR201303001
https://doi.org/10.1016/S1297-319X(02)00391-3
https://doi.org/10.1016/S1297-319X(02)00391-3
https://doi.org/10.1093/gerona/58.4.M362
https://doi.org/10.2106/JBJS.F.00890
https://doi.org/10.1002/cphy.c190009
https://doi.org/10.1038/nprot.2009.190
https://doi.org/10.1038/nprot.2009.190
https://doi.org/10.1111/j.1749-6632.2009.05376.x
https://doi.org/10.1111/j.1749-6632.2009.05376.x
https://doi.org/10.1359/jbmr.080233
https://doi.org/10.21037/qims.2019.08.05
https://doi.org/10.1186/s40101-015-0066-2
https://doi.org/10.1196/annals.1402.069
https://doi.org/10.1196/annals.1402.069
https://doi.org/10.1148/radiol.2331031509
https://doi.org/10.1148/radiol.2331031509
https://doi.org/10.1007/s00296-012-2478-1

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

Frost ML, Blake GM, Fogelman I. 18F-fluoride PET in osteoporosis. PET
Clin. 2010;5(3):259-274. https://doi.org/10.1016/j.cpet.2010.02.007.

Wootton R, Reeve J, Veall N. The clinical measurement of skeletal
blood flow. Clin Sci. 1976;50(4):261-268. https://doi.org/10.1042/
¢s0500261.

Jensen JA, Nikolov S, Yu ACH, Garcia D. Ultrasound vector flow imag-
ing. Part |: Sequential systems. IEEE Trans Ultrason Ferroelect Freq Con-
trol. 2016;63(11):1704-1721. https://doi.org/10.1109/TUFFC.2016.
2600763.

Jensen JA, Nikolov S, Yu ACH, Garcia D. Ultrasound vector flow
imaging. Part II: Parallel systems. IEEE Trans Ultrason Ferroelect Freq
Control.  2016;63(11):1722-1732. https://doi.org/10.1109/TUFFC.
2016.2598180.

Sun M-H, Leung K-S, Zheng Y-P, et al. Three-dimensional high fre-
quency power Doppler ultrasonography for the assessment of micro-
vasculature during fracture healing in a rat model: 3D high frequency
power Doppler ultrasonography. J Orthop Res. 2012;30(1):137-143.
https://doi.org/10.1002/jor.21490.

Doria AS, Guarniero R, Cunha FG, et al. Contrast-enhanced power
Doppler sonography: assessment of revascularization flow in Legg-
Calvé-Perthes’ disease. Ultrasound Med Biol. 2002;28(2):171-182.
https://doi.org/10.1016/50301-5629(01)00500-2.

Montaldo G, Tanter M, Bercoff J, Benech N, Fink M. Coherent plane-
wave compounding for very high frame rate ultrasonography and
transient elastography. IEEE Trans Ultrason Ferroelectr Freq Control.
2009;56(3):489-506. https://doi.org/10.1109/TUFFC.2009.1067.

Udesen J, Gran F, Hansen KL, Jensen JA, Thomsen C, Nielsen MB. High
frame-rate blood vector velocity imaging using plane waves: simula-
tions and preliminary experiments. IEEE Trans Ultrason Ferroelectr
Freq Control. 2008;55(8):1729-1743. https://doi.org/10.1109/TUFFC.
2008.858.

Bercoff J, Montaldo G, Loupas T, et al. Ultrafast compound Doppler
imaging: providing full blood flow characterization. IEEE Trans Ultra-
son Ferroelect Freq Control. 2011;58(1):134-147. https://doi.org/10.
1109/TUFFC.2011.1780.

Renaud G, Kruizinga P, Cassereau D, Laugier P. In vivo ultrasound
imaging of the bone cortex. Phys Med Biol. 2018;63(12):125010.
https://doi.org/10.1088/1361-6560/aac784.

Renaud G, Clouzet P, Cassereau D, Talmant M. Measuring anisotropy
of elastic wave velocity with ultrasound imaging and an autofocus
method—application to cortical bone. Phys Med Biol. 2020;65(23):
235016. https://doi.org/10.1088/1361-6560/abb92c.

Demene C, Deffieux T, Pernot M, et al. Spatiotemporal clutter filtering
of ultrafast ultrasound data highly increases Doppler and ultrasound
sensitivity. IEEE Trans Med Imaging. 2015;34(11):2271-2285. https://
doi.org/10.1109/TMI1.2015.2428634.

Rubin JM, Bude RO, Carson PL, Bree RL, Adler RS. Power Doppler US: a
potentially useful alternative to mean frequency-based color Dopp-
ler US. Radiology. 1994;190(3):853-856. https://doi.org/10.1148/
radiology.190.3.8115639.

Yiu BYS, Yu ACH. Least-squares multi-angle Doppler estimators for
plane-wave vector flow imaging. IEEE Trans Ultrason Ferroelect Freq
Control.  2016;63(11):1733-1744.  https://doi.org/10.1109/TUFFC.
2016.2582514.

Jensen JA, Munk P. A new method for estimation of velocity vectors.
IEEE Trans Ultrason Ferroelectr Freq Control. 1998;45(3):837-851.
https://doi.org/10.1109/58.677749.

Salles S, Chee AJY, Garcia D, Yu ACH, Vray D, Liebgott H. 2-D arterial
wall motion imaging using ultrafast ultrasound and transverse oscil-
lations. IEEE Trans Ultrason Ferroelectr Freq Control. 2015;62(6):1047-
1058. https://doi.org/10.1109/TUFFC.2014.006910.

Salles S, Liebgott H, Garcia D, Vray D. Full 3-D transverse oscillations: a
method for tissue motion estimation. IEEE Trans Ultrason Ferroelectr
Freq Control. 2015;62(8):1473-1485. https://doi.org/10.1109/TUFFC.
2015.007050.

39.

40.

41.

42.

43.

44,

45.

46.
47.

48.

49.

50.

51.

52.

53.

54,

. Kirschner MH, Menck J, Hennerbichler A, Gaber O, Hofmann GO.

Importance of arterial blood supply to the femur and tibia for trans-
plantation of vascularized femoral diaphyses and knee joints. World J
Surg. 1998;22(8):845-851; discussion 852. https://doi.org/10.1007/
5002689900480.

Chen J, Hendriks M, Chatzis A, Ramasamy SK, Kusumbe AP. Bone vascu-
lature and bone marrow vascular niches in health and disease. J Bone
Miner Res. 2020;35(11):2103-2120. https://doi.org/10.1002/jbmr.4171.

Maggiano IS, Maggiano CM, Clement JG, Thomas CDL, Carter Y,
Cooper DML. Three-dimensional reconstruction of Haversian sys-
tems in human cortical bone using synchrotron radiation-based
micro-CT: morphology and quantification of branching and trans-
verse connections across age. J Anat. 2016;228(5):719-732. https://
doi.org/10.1111/joa.12430.

Hennig C, Thomas CDL, Clement JG, Cooper DML. Does 3D orientation
account for variation in osteon morphology assessed by 2D histology?
J Anat. 2015;227(4):497-505. https://doi.org/10.1111/joa.12357.

Cooper DML, Thomas CDL, Clement JG, Turinsky AL, Sensen CW,
Hallgrimsson B. Age-dependent change in the 3D structure of corti-
cal porosity at the human femoral midshaft. Bone. 2007;40(4):957-
965. https://doi.org/10.1016/j.bone.2006.11.011.

Thomas CDL, Feik SA, Clement JG. Increase in pore area, and not pore
density, is the main determinant in the development of porosity in
human cortical bone. J Anat. 2006;209(2):219-230. https://doi.org/
10.1111/j.1469-7580.2006.00589.x.

Stein MS, Feik SA, Thomas CD, Clement JG, Wark JD. An automated
analysis of intracortical porosity in human femoral bone across age.
J Bone Miner Res. 1999;14(4):624-632. https://doi.org/10.1359/jbmr.
1999.14.4.624.

Griineboom A, Hawwari |, Weidner D, et al. A network of trans-cortical
capillaries as mainstay for blood circulation in long bones. Nat Metab.
2019;1(2):236-250. https://doi.org/10.1038/s42255-018-0016-5.

Brookes M, Revell WJ. Blood Supply of Bone. Springer; 1998.

Santisakultarm TP, Cornelius NR, Nishimura N, et al. In vivo two-
photon excited fluorescence microscopy reveals cardiac- and
respiration-dependent pulsatile blood flow in cortical blood vessels
in mice. Am J Physiol Heart Circ Physiol. 2012;302(7):H1367-H1377.
https://doi.org/10.1152/ajpheart.00417.2011.

Macé E, Montaldo G, Cohen |, Baulac M, Fink M, Tanter M. Functional
ultrasound imaging of the brain. Nat Methods. 2011;8(8):662-664.
https://doi.org/10.1038/nmeth.1641.

Bridgeman G, Brookes M. Blood supply to the human femoral diaph-
ysis in youth and senescence. J Anat. 1996;188(Pt 3):611-621.

Anetzberger H, Birkenmaier C. The microsphere method for investi-
gating bone blood flow. In Aaron RK, ed. Skeletal Circulation in Clinical
Practice. World Scientific; 2016 pp 53-84.

Eneh CTM, Malo MKH, Karjalainen JP, Liukkonen J, Toyras J,
Jurvelin JS. Effect of porosity, tissue density, and mechanical proper-
ties on radial sound speed in human cortical bone: radial sound
speed in human cortical bone. Med Phys. 2016;43(5):2030-2039.
https://doi.org/10.1118/1.4942808.

Hingot V, Errico C, Heiles B, Rahal L, Tanter M, Couture O. Microvascu-
lar flow dictates the compromise between spatial resolution and
acquisition time in ultrasound localization microscopy. Sci Rep.
2019;9(1):2456. https://doi.org/10.1038/541598-018-38349-x.

Haddock B, Fan AP, Uhlrich SD, et al. Assessment of acute bone
loading in humans using [18FINaF PET/MRI. Eur J Nucl Med Mol
Imaging. 2019;46(12):2452-2463. https://doi.org/10.1007/s00259-
019-04424-2.

Heinonen |, Kemppainen J, Kaskinoro K, et al. Bone blood flow and
metabolism in humans: effect of muscular exercise and other physi-
ological perturbations. J Bone Miner Res. 2013;28(5):1068-1074.
https://doi.org/10.1002/jbmr.1833.

M 100f 10

SALLES ET AL.

JBMR Plus (WOA)


https://doi.org/10.1016/j.cpet.2010.02.007
https://doi.org/10.1042/cs0500261
https://doi.org/10.1042/cs0500261
https://doi.org/10.1109/TUFFC.2016.2600763
https://doi.org/10.1109/TUFFC.2016.2600763
https://doi.org/10.1109/TUFFC.2016.2598180
https://doi.org/10.1109/TUFFC.2016.2598180
https://doi.org/10.1002/jor.21490
https://doi.org/10.1016/S0301-5629(01)00500-2
https://doi.org/10.1109/TUFFC.2009.1067
https://doi.org/10.1109/TUFFC.2008.858
https://doi.org/10.1109/TUFFC.2008.858
https://doi.org/10.1109/TUFFC.2011.1780
https://doi.org/10.1109/TUFFC.2011.1780
https://doi.org/10.1088/1361-6560/aac784
https://doi.org/10.1088/1361-6560/abb92c
https://doi.org/10.1109/TMI.2015.2428634
https://doi.org/10.1109/TMI.2015.2428634
https://doi.org/10.1148/radiology.190.3.8115639
https://doi.org/10.1148/radiology.190.3.8115639
https://doi.org/10.1109/TUFFC.2016.2582514
https://doi.org/10.1109/TUFFC.2016.2582514
https://doi.org/10.1109/58.677749
https://doi.org/10.1109/TUFFC.2014.006910
https://doi.org/10.1109/TUFFC.2015.007050
https://doi.org/10.1109/TUFFC.2015.007050
https://doi.org/10.1007/s002689900480
https://doi.org/10.1007/s002689900480
https://doi.org/10.1002/jbmr.4171
https://doi.org/10.1111/joa.12430
https://doi.org/10.1111/joa.12430
https://doi.org/10.1111/joa.12357
https://doi.org/10.1016/j.bone.2006.11.011
https://doi.org/10.1111/j.1469-7580.2006.00589.x
https://doi.org/10.1111/j.1469-7580.2006.00589.x
https://doi.org/10.1359/jbmr.1999.14.4.624
https://doi.org/10.1359/jbmr.1999.14.4.624
https://doi.org/10.1038/s42255-018-0016-5
https://doi.org/10.1152/ajpheart.00417.2011
https://doi.org/10.1038/nmeth.1641
https://doi.org/10.1118/1.4942808
https://doi.org/10.1038/s41598-018-38349-x
https://doi.org/10.1007/s00259-019-04424-2
https://doi.org/10.1007/s00259-019-04424-2
https://doi.org/10.1002/jbmr.1833

	Revealing Intraosseous Blood Flow in the Human Tibia With Ultrasound
	Introduction
	Subjects and Methods
	Ultrasound imaging
	Refraction-corrected ultrasound imaging of bone
	Blood flow estimation in cortical bone
	Blood estimation in the superficial femoral artery
	Human subjects

	Results
	Hemodynamics measured in tibial cortical bone

	Discussion
	Comparison with current knowledge of microporosity of human cortical bone and microvascular flow in other organs
	Relevance of the measurement of the velocity and direction of intraosseous blood flow
	Limitations of the proposed approach
	Perspectives

	Acknowledgments
	Authors´ roles
	Code Availability
	Data Availability
	Peer Review

	References


