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Abstract

This letter describes a hybrid plug/compartment (HyPC) kinetic model to fit dynamic indocyanine
green fluorescence data acquired in a porcine model of long bone traumatic fracture. Parametric
images of periosteal blood flow, endosteal blood flow, total bone blood flow and fraction of
endosteal-to-periosteal flow were obtained by applying the HyPC model on a pixel-by-pixel basis.
Intraoperative discrimination between healthy and damaged bone could facilitate debridement
reducing post-operative complications from non-union and infection. The ability to quantify
periosteal and endosteal blood flow could inform nail vs. plate-and-screw decisions to avoid
further compromising cortical blood supply.
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1. Introduction

Infection is common in orthopedic surgery, occurring in approximately 60% of open bone
fractures, and represents a significant clinical challenge in military and civilian settings[1],
[2]. The high incidence of infection is due to several factors, including contamination of
open fractures, trauma to tissue, loss of soft tissue coverage, and secondary issues of long-
term hospitalization. Regardless, failure to treat bone infection results in recurrent infection
and dramatically increases the risk of repeat surgery, prolonged morbidity, loss of function
and potential loss of limb [3]. Poor perfusion is thought to be a crucial determinant in
development and persistence of bone infections, by preventing endogenous immune cells
and antibiotics from reaching the traumatized tissues. When poorly perfused bone remains
present during the setting of open fracture, it becomes a site of origin for biofilm formation
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and subsequent resistance to antibiotics. For these reasons, management of open fractures
requires aggressive and extensive debridement to remove all poorly perfused bone.
Unfortunately, there is currently no objective method to determine bone perfusion or guide
the extent of debridement during surgery.

Indocyanine green (ICG) fluorescence imaging has been used to assess tissue perfusion in
other surgical settings, such as in free flap reconstruction [4], [5]. In these cases, the
dynamic ICG curves obtained from fluorescence imaging during wash-in and wash-out can
be used to estimate blood perfusion. Because tissue flaps are optically homogeneous and
more-or-less uniformly perfused, simple kinetic models can be used to assess underlying
perfusion. However, bone blood supply consists of both periosteal and endosteal vessels that
feed the interrogated bone cortex, requiring a specific kinetic model to separately
parameterize these blood supplies.

In this letter, we describe a hybrid plug flow/compartment (HyPC) model that captures the
two branched nature of the periosteal and endosteal components and articulates the slow-
flow component of the endosteal medullary cavity. Separately endosteal and periosteal bone
flow separately could provide important insight into selecting, for example, whether to apply
fixation using an intermedullary nail, disturbing endosteal flow, or stripping the periosteum
before applying a rigid plate. The recovered kinetic functions are compared against a model-
independent nonparametric solution for validation under various flow-states during baseline
and following severe bone trauma in a porcine model. This technical development informs
future animal and patient studies examining the predictive value of these kinetic parameters
with respect to injury status of bone and of outcome measures.

2. Materials and Methods

Theory

The time-dependent concentration of dye in a tissue, Q(7 , 1), at some position, 7, following
a bolus injection is given by the convolution theory of tracer kinetics [6]:

O(F 1) = Cy(t) % F(F)R(T 1), &)

where C,(2) is the time-dependent concentration of dye in the arterial system, F(7) is the
blood flow at position, 7, and R(7 . 1) is the impulse residue function (IRF) at position, 7.
The IRF is defined as the fraction of dye remaining in the tissue at time, ¢ following an ideal
bolus injection approximating a delta function. In the language of linear time-invariant
systems, R(¢) represents a ‘transfer function” mapping C,(?)to Q(2).

If at position, 7, there exists multiple quasi-independentvascular systems (locally
independent with separate feeding arteries), then a “bulk” FR(¢) can be defined as the
superposition of the FR(¢) functions from each capillary unit. Most indicator-dilution
applications are found in 3D medical imaging (e.g., MRI, CT) and therefore, a voxel will
cover a single vascular unit. If that vascular unit communicates with other interconnected
compartments of tissue, a compartment model is used. Otherwise, if the dye remains in the
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intravascular space (IVS), a single compartment is considered, but may include parameter(s)
to describe the distribution of capillary transit times.[7], [8]

Compact bone is supplied by the periosteal and endosteal blood vessels [9]. The periosteal
vessels insert into the periosteum, a connective tissue that surrounds the bone. These vessels
travel into the superficial compact bone providing blood flow from the exterior. The
endosteal blood supply consists of the large nutrient vessels that insert through holes in the
bone and run along the inside of the bone, branching off into central and perforating canals,
and supplying blood from the interior to the inner two-thirds of the cortex as well as the
medullary cavity [10]; the medullary cavity also contains the bone marrow, and porous blood
vessels running through the marrow allow for new blood cells to enter the circulatory system
[11].

When imaging volume units are large enough, such as in planar fluorescence imaging where
light penetrates into 1-2 cm of cortical bone, a bulk FR(?) will be comprised of these two
bifurcated periosteal and endosteal systems. To this end, we describe a novel, bone-specific
kinetic model representing the superposition of a plug flow model (periosteal) and a two-
compartment model (endosteal) with independent bolus arrival times, which we assign the
name “hybrid plug/compartment” model, or “HyPC”for short.

Let there be two distinct tissue compartments, periosteal (P) and endosteal (E) that have a
time-dependent tissue concentration of dye, Qp(?) and Qg(?), respectively. Within the HyPC
model, O(7, 1) representing the region of interrogation at 7, can be considered a summation
of partial volumes of Qp(?) and Qg(?), such that:

O(F 1) = dy(T)O(T s 1) + dp(T)OE(T 1) @

where dp(7) and dg(7) are the fractional volumes interrogated by light when positioned at r,
and the convolution

O(7, 1) = [dp(r)iPBF(F)Rp(r, 1) + dp(r i EBF(F)RE(r , )]  Colt) ®

where iPBF and iEBF are the instrument-independent periosteal blood flow and quantitative
endosteal blood flow (the actual physiologic blood flow in these regions independent of the
type of instrument used to measure them). In practice, it is not always possible to determine
the dp and dg. Therefore, we simplify from Eq. 2 to PBF and EBF, the periosteal and
endosteal blood flows for a specific imaging geometry and assumed partial volume
distribution. The aggregate FR(t) describing the sum of flow-scaled R(t)s in the periosteum
and endosteum is defined as

O(7,1) = F(r)R(T 1) x Co(t) = [PBF(r)Rp(r, 1) + EBF(r)Rg(7’, 1))

* Cy(t) 4)

For subjects with similar age and bone density, the iPBF will correlate with PBF, and iEBF
will correlate with EBF.

The IRFs Rp(r,t) and Rg(r,t) are defined as:
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0 t<Tp(r)
Rp(F.0={1 Tp(F)<t<Tp(F)+ Mp(T) 1)

0 t>Tp(r)+ Mp(r)

0 t<Tp(r)

Re(7 1) = (52)

e k2(ME=TET) ¢ 5 Tp(7)

Where Tp(7) is the arrival time of the bolus to the periosteal vasculature centered under 7,
Mp(7) is the minimum time required for dye to travel across the periosteal vasculature, and
Tg(7) is the arrival time of the bolus to the endosteal vasculature in the area of interrogation.

Therefore, there are six parameters that are recovered by applying the HyPC model: PBE(7),
EBF(7), Tp(7), Mp(7), Te(¥ ), —ko(¥). Furthermore, we define the following calculated

parameters: total bone blood flow, TBF = PBF + EBF; and EBF fractional flow, EFF =
EBF / TBF.

Animal Experiment and Fluorescence Acquisition

A two pigs were used for this proof-of-concept study which was approved by Dartmouth’s
Institutional Animal Care and Use Committee (IACUC) as part of protocol #00002150.
Each pig was sedated and placed under general anesthesia using isoflurane. Peripheral veins
were catheterized for administration of ICG. Once a deep plane of anesthesia was
confirmed, the leg was surgically opened to expose the intact periosteum. A large artery,
such as the superficial femoral artery, was blunt dissected and a piece of black cloth was
placed between it and the leg to allow direct arterial input function (AIF) characterization
[12]. Imaging was performed at baseline and after each of the following surgical
manipulations: traverse tibial osteotomy at two locations, removal of proximal periosteum,
and removal of distal periosteum. Imaging was performed using the Zeiss Pentero OPMI
800 operating in FLOW800 mode at a working distance of 300 mm. Infrared video was
recorded to capture the injection of ICG, and its wash-in and wash-out of the tissue of
interest.

Imaging Data Analysis

The ICG videos were transferred to a PC and loaded into MATLAB (TheMathWorks,
Warrick, MA) and analyzed using an in-house developed implementation of the HyPC
model. First videos were processed using the VideoReader function into a time series of
images saved in a single array. Using the imfreehandtool, the region corresponding to the
exposed artery was selected and saved as the AlIF, Cy(%). The same tool was used to select
regions-of-interest (ROIs) along the length of the bone. Each ROI was then fit with the
HyPC model using a two-step approach to minimize the chance of overfitting. First, the
initial wash-in slope (25% past the time of peak intensity) of the curve was fit using a plug-
flow only model, to estimate PBF, Tpand Mp. These parameters were then used as priors for
the plug component of the full model, which was fit to the whole curve to recover EBF, T¢
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and k. For both fitting procedures, fminsearchbndwas used. When applied on a pixel-by-
pixel basis to produce parametric maps, the image stack was first median filtered with a 4x4
pixel window using medfilt2, and then reduced in size by 1/4. This was done to improve the
signal-to-noise and reduce the time required to compute the maps.

To validate the recovered FR(t) function, a model-independent deconvolution was performed
using the truncated SVD approach [13]. While FR(t) recovered this way will have
oscillations expected with an SVD approach, if the HyPC model accurately represents the
true FR(t), it should show agreement with the SVD function averaged over time.

3. Results

Figure 1 shows the results of the two-step fit of HyPC to the ICG curves extracted from ROI
analysis of pig 1. For each curve, the recovered values for periosteal blood flow (PBF) and
endosteal blood flow (EBF), and calculated total bone blood flow (TBF) and endosteal flow
fraction (EFF) are shown. ROI analysis was performed on data from the two pigs, and values
presented here are mean + standard deviation. Periosteal damage results in marked decrease
in PBF from baseline (6.8 + 1.1 ml/min/100g of bone). The ROI adjacent to damaged
periosteum decreased in PBF by 21.8 + 22.3 %, and the ROI at the site of damage decreased
by 83.8 + 4.0%. The endosteal flow remained more or less constant, between 0.9 and 1.4
ml/min/100 g of bone; transection of the bone in two locations further reduced the PBF by
52.5 + 17.6% and reduced the EBF by 73.5 £ 6.0%. The recovered flow-scaled IRFs show
the degree to which the relative levels of BF compared to total blood flow (TBF) increased
during the evolution of injury in Pig 1. With a baseline of 12.7 + 0.1%, EFF increased to
42.5 + 19.8% after periosteal damage, and remained at 30.1 £ 14.0% following transection
of the bone.

The nonparametric IRFs recovered using truncated SVD (TSVD) show good agreement with
the HyPC fit recovered FR(t) functions from Pig 1 (Figure 2; bottom row). While the fairly
dramatic oscillations are a feature of this type of highly unstable deconvolution [13],
nevertheless, the center of these oscillations tracks very closely the HyPC FR(t), suggesting
that the kinetic model is valid.

In addition to ROI analysis, the HyPC model is effective at producing parametric maps.
Using the procedure described previously, parametric maps of TBF and EFF were calculated
for Pig 1 and are shown in Figure 3. For efficiency, the algorithm allows identification of an
area of interest and calculates the values for those pixels first before populating the rest of
the field of view in radom order, accounting for the speckled appearance of the adjacent
tissue.

4. Discussion

While the use of existing techniques in MRI and PET have been explored to quantify bone
blood flow [14], [15] , this manuscript presents the first bone-specific kinetic model that
takes into account the unique interrogation volume of fluorescence imaging systems. Since
the signal is acquired from both the superficial tissue and tissue 1-1.5 cm below the surface
of the bone, changes in ICG fluorescence intensity over time will reflect the different wash-
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in and washout dynamics of the periosteal and endosteal blood supply. It was hypothesized
that an appropriate model would need to exhibit the following criteria: 1) the difference in
arrival times of dye in the periosteum and endosteal compartment, and 2) the porous nature
of endosteal vessels which freely exchange material with the medullary cavity of the bone.
The proposed HyPC model is related to the adiabatic approximation to the tissue
homogeneity (AATH) model, which fulfills criterion #2, but HyPC is modified to decouple
the fast and slow phase components, allowing for criterion #1.

While simple compartment models have been used in previous studies to quantify tumor
kinetics [16], [17], for this unique orthopaedic application, we specifically developed a
kinetic model to capture the unique bifurcated delivery of blood to cortical bone. A few of
the recovered FR(t) functions in Figure 2 demonstrate the improved utility of this model
compared with previous single input models like AATH [8] and GCTT [7]; in one case, the
EBF was higher than the PBF, and in another, there was a gap between the exit of the dye in
the periosteum and the arrival of the dye in the endosteum. Neither of these two scenarios
would be allowed by previous models, or by a constrained nonparametric deconvolution
[18]. The close tracking of the nonparametric deconvolution suggest the HyPC model is
reasonably valid. Parametric maps of TBF and EFB fraction in Figure 3 clearly show the
marked changes expected in bone flow following such disturbances. Total blood flow at
baseline was about 10 ml/min/100g. Following osteotomy, TBF decreased markedly
between transverse cuts due to the elimination of both endosteal and periosteal flow; distal
to the cuts TBF was reduced mainly due to a disturbance in periosteal flow, suggesting
transection of a supplying periosteal vessel. However, the endosteal flow remained intact.
Subsequent stripping of the periosteum caused a reduction in TBF across the whole site, to
levels around 3 ml/min/100g, and revealed the reduction in endosteal flow proximal to the
transection.

As a proof-of-principle technical note, the most important limitation of this study is that only
two pigs were used; a larger study is underway to support additional mechanistic
investigations. There are some other limitations to this study that will be addressed in future
work: First, the current method of obtaining the AIF is not practical in the clinical setting,
and a pulse dye densitometer [19] would be better-suited to this purpose. Second,
fluorescence should be corrected by the optical properties of the tissue for within-patient and
between-patient comparisons. Additionally, using FEM to estimate the sensitivity to the
periosteal and endosteal regions would improve quantitation. Notwithstanding these
limitations, HyPC kinetic imaging, which could help surgeons to separately quantify the
endosteal and periosteal supply during surgery, may enable discrimination between viable
and non-viable tissue during debridement—an improvement which could reduce infection
and non-union rates [20], [21]. Furthermore, the ability to directly quantify endosteal and
periosteal blood flow may help the surgeon decide between an intramedullary nail or plate
and screw fixation [22].
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(A) A diagram showing the compartments of the HyPC model, overlaid onto the bone
anatomy and how these compartments relate kinetically (Qp, periosteal compartment; Qg ,
endosteal capillary compartment; Qg ,, endosteal medullary compartment) (B) The flow-
scaled aggregate impulse residue function used in the HyPC model, showing the parameters
recovered: PBF, EBF, Tp, T, Mp, k».
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Top Row. ICG intensity (black dots) measured during baseline, after endosteal flow is
disrupted and after both endosteal and periosteal flow is disrupted. Curve fitting is
performed in two steps: first, a plug flow model is fit to the initial slope (red line) then the

entire curve is fit using the hybrid plug and compartment (HyPC) model (blue line).

Bottom Row. The recovered flow-scaled impulse response functions, FR(t), corresponding
to the curves in the top row are shown (black lines). For comparison, FR(t) estimated using
Tikhonov deconvolution also shown (green lines).
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Figure 3.
For each leg condition (baseline, osteotomy and osteotomy with full periosteum stripping),

four images are shown: a white-light image acquired during surgery with the operating
microscope, a fluorescence image acquired at a single time-point 30 s after ICG injection,
parametric map of total bone blood flow (TBF) and the percent fraction of endosteal flow
(EBF / TBF). Parametric maps are recovered by fitting the HyPC model on a pixel-by-pixel
basis.
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