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Abstract

BACKGROUND—Surgically implanted devices initiate inflammatory mechanisms and wound
healing events and result in the formation of a thick fibrotic capsule that surrounds the device. To
investigate the foreign-body response to devices of clinically relevant size, we used microspheres to
determine regional blood flow patterns in the foreign-body capsule (FBC) and surrounding
subcutaneous tissue after device implantation.

MATERIALS and METHODS—In 10 canines, we implanted 40 subcutaneous devices
(polysulfone n=20, silicone-coated n=10, titanium n=10). Via thoracotomy, animals were
instrumented with left atrial and aortic vascular access catheters for serial microsphere injections and
reference blood sampling. Regional blood flow was repeatedly determined in the FBC, subcutaneous
fascia surrounding the FBC, and subcutaneous fascia distal to the surgical site up to 19 weeks after
device implantation (n= 55 determinations).

RESULTS—As compared to normal blood flow in subcutaneous fascia distal to the surgical site,
blood flow increased in FBCs surrounding each device material (polysulfone p=0.0035, silicone-
coated p<0.0001, titanium p<0.0001). Additionally, blood flow increased in the subcutaneous fascia
within half a centimeter of fibrous capsules encasing polysulfone (p=0.0035) but not silicone
(p=0.3706) or titanium (p=0.8160) devices. The time-course of measured blood flow changes within
FBCs were similar for polysulfone and silicone but not for titanium.

CONCLUSIONS—Surgically implanted subcutaneous devices of clinically relevant size elicit
increases in blood flow in the FBC as well as surrounding fascia. Device material may influence
regional blood flow patterns.
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Introduction

Methods

Recent advances in biomaterials and implantable synthetic devices have become increasingly
useful in clinical medicine as they often permit outpatient treatment for what would otherwise
require hospitalization. With the development of new implantable artificial organs, port/
catheter systems, biosensors, power-packs, and orthopedic prostheses, it has become
increasingly important to understand the pathophysiological response of tissue to implanted
biomaterials and devices of clinically relevant size.

The presence of aforeign body in a physiological environment elicits a cascade of inflammatory
mechanisms and wound healing events. Normally, tissue surrounding the implant forms a thick
fibrotic pocket referred to as the foreign-body capsule (FBC). This capsule surrounds the device
within 7-14 days and continues to accumulate, remodel, and condense over a period of 2
months [1-3]. The capsule acts as both a structural and biological barrier between the tissue
and the foreign body. The nature and thickness of the fibrotic capsule is highly sensitive to
physical characteristics of the implanted object such as material, size, shape, microgeometry,
porosity, and specific molecular moieties of the material [2,4-8]. These characteristics of the
device may predispose surrounding tissue to common complications such as inflammation,
infection, and tissue necrosis, each of which can lead to impaired device function and/or device
rejection.

To better understand the process of bioacceptance and FBC formation, it is important to
understand pathophysiological changes in tissue surrounding implanted devices. In
relationship to biomaterials and implants of millimeter dimension or smaller, investigators
have quantified histological characteristics of the FBC such as thickness [1,7,9-11], collagen
content and density [1,5,7,11] fibrinogen content [12], cell composition [7,11,13-15], size and
extent of vessel formation [7,10], general inflammatory response [11], and have made semi-
quantitative measurements of blood flow [16]. However, no study of which we are aware has
directly quantified blood flow in the FBC surrounding implanted devices of clinically relevant
size.

With this goal in mind, we developed an in vivo, chronically instrumented, conscious canine
model to measure regional blood flow in subcutaneous FBCs and surrounding adipose tissue.
During the course of this study, we implanted commercially available polysulfone, silicone-
coated, and titanium devices to test the hypothesis that individual biomaterials elicit
quantifiably different blood flows in the FBC. After the development of the fibrous capsule,
we used standard microsphere techniques to determine regional blood flow in the FBC, fascia
immediately surrounding the fibrous capsule, as well as unaltered subcutaneous fascia distal
to the surgical site.

Surgical Preparation

All animals received humane care and were handled in accordance with National Institutes of
Health and Harvard Medical School animal care committee guidelines. Experimental
procedures followed animal study protocols approved by the Harvard Medical Area Standing
Committee on Animal Welfare and Use.

Ten adult female mixed-breed dogs, weighing an average of 15.7 kg (range: 14.2-18.2), were
used for this study. Instrumentation surgeries were performed aseptically while animals were
maintained under a surgical level of anesthesia.
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As we have previously described [17-19], animals were instrumented with subcutaneous
vascular access port (VAP)/catheter systems to receive multiple injections of different colors
of fluorescent-labeled polystyrene microspheres for repeated regional blood flow
determinations in the same conscious animal. Via thoracotomy, a vascular access catheter was
implanted 4cm into the left atrial appendage so that the catheter tip resided inside of the left
atrium. A second vascular access catheter was advanced 10cm and oriented downstream so
that the catheter tip resided inside the lumen of the aorta. Catheters were tunneled from the
thoracotomy incision, attached to subcutaneous VAPs (n= 20 Polysulfone GPVu,
diameter=3.25cm, height=1.25cm; 10 Titanium GPVu, diameter=2.5cm, height=1cm; Access
Technologies, Skokie, IL), and buried subcutaneously at the mid-back in multi-layers (Figure
1). VAPs served a dual purpose: 1) for delivery of microspheres into the systemic arterial tree
and 2) as the implanted test device. Additionally, silicone-coated telemetry devices (D70-PCT,
diameter=5.5cm, height=1.25cm; Data Sciences International, St. Paul, MN) were implanted
subcutaneously at the lateral base of the back.

After surgery, animals recovered for a minimum of three weeks before participating in
experimentation.

Microsphere Protocols

For each regional blood flow determination, the left atrial VAP was accessed for injection of
15um microspheres into the systemic arterial circulation. Simultaneously, the aortic VAP was
accessed and a reference blood sample was withdrawn at a known rate from within the aorta
as we have previously described in conscious canines [19]. Microspheres injected into the
subcutaneous vascular access port traveled through the subcutaneous catheter and were
released into the blood in the left atrium. In the left ventricle, the microspheres mixed with the
blood and were ejected into the aorta from where they disseminated throughout the body
according to the physiological distribution of blood. As the 15 um spheres approached
capillaries, they lodged within the smallest pre-capillary arterioles based on regional tissue
blood flow patterns.

The aortic blood sample acts as a reference for later determination of flow in tissues of interest.
The number of counted microspheres in the reference blood sample (known) is compared to
the number of microspheres that lodge and are counted in a tissue sample of interest (known).
The ratio between the two sphere counts is equal to the ratio between the aortic flow (known)
and flow in the tissue of interest (unknown) and provides accurate determinations of tissue
specific flows in milliliters per minute per gram of tissue (ml/min/g) [24].

During the course of the study, to determine regional blood flow in the FBC, chronically
instrumented conscious animals received up to eight injections of 2.25 million microspheres
(18 million microspheres) over up to 19 weeks. We have previously demonstrated in this model
that serial accumulation of microspheres in multiple capillary beds did not influence regional
blood flow during this protocol [19].

Quantification of Fluorescent Microspheres

After euthanasia, devices and surrounding tissue structures were harvested. Tissue blocks were
removed so that the skin, fascia, VAP, and muscle layer were intact for examination. Gross
samples were examined and photographed. From each fibrous capsule, two sections of tissue
in direct contact with the base of the device (Figure 2, Squares), and two sections of
subcutaneous adipose tissue within 0.5 cm of the FBC (Figure 2, Arrows) were studied. To
determine baseline flow in normal subcutaneous tissue, two sections of subcutaneous fascia
were harvested from the lateral back at least 6 cm away from device implantation. Tissue and
reference blood samples were sent to IMT/Stason Laboratories (Irvine, CA) for automated
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digestion and counting of fluorescent microspheres using flow cytometry. Reference flows
were calculated as ml/min/g.

Statistical Analysis

Results

Flow values from the FBC, tissue within 0.5 cm of the FBC, and tissue distal to the surgical
site were compared in relationship to each material type as well as between material types by
paired t-tests. A p-value < 0.05 was considered statistically significant.

We studied 40 subcutaneously implanted devices (20 polysulfone, 10 silicone-coated, 10
titanium) in 10 canines. Fifty-five regional blood flow determinations were made between 22
and 134 days postoperatively. Table 1 summarizes the instrumentation and number of blood
flow determinations by post-operative day in each animal.

All implanted material types elicited a statistically significant increase in blood flow in the
FBC as well as in subcutaneous adipose tissue within 5 mm of the fibrous capsule. Figures 3
shows mean flow values in the fibrous capsule, subcutaneous tissue immediately surrounding
the fibrous pocket, and subcutaneous fascia distal to the surgical site in relationship to each
device material. Blood flow in the FBCs was 0.24 £ 0.31 (mean £ SD) ml/min/g surrounding
polysulfone devices, 0.23 + 0.18 ml/min/g surrounding silicone-coated devices, and 0.21 +
0.15 ml/min/g surrounding titanium devices. Blood flow in adipose tissue contiguous with the
FBCs was 0.14 + 0.18 ml/min/g surrounding polysulfone devices, 0.07 + 0.1 ml/min/g
surrounding silicone-coated devices, and 0.09 £ 0.11 ml/min/g surrounding titanium devices.
Control blood flow in normal subcutaneous tissue distal to the surgical site was 0.08 + 0.9 ml/
min/g.

Blood flow within FBCs increased from normal adipose flow values to similarly elevated levels
for each device material and these increases were not statistically different between materials.
However, Figure 4 illustrates that the different device materials did elicit statistically different
flow values in adipose tissue within 5 mm of the FBC. Specifically, blood flow in subcutaneous
fascia surrounding the polysulfone FBCs increased significantly as compared to normal
subcutaneous blood flow of 0.09 £ 0.09 (p<0.0081) and as compared to blood flow in
subcutaneous fascia surrounding silicone (p=0.0017) and titanium (p=0.0174) FBCs. Blood
flow values in subcutaneous fascia surrounding silicone and titanium devices were not
statistically different from normal subcutaneous blood flow or from each other.

Figure 5 illustrates the time-course of blood flow changes for each device material over the
course of the study. Measured blood flows within the FBC surrounding polysulfone and
silicone devices were initially elevated and decreased over the course of the study toward
chronically elevated values slightly above normal subcutaneous blood flow. Blood flow in
tissues surrounding titanium devices followed a slightly different time-course in which flow
values remained low for the duration of the study. The gross appearance of FBCs are illustrated
in Figure 6 which shows examples of polysulfone (P) and titanium (T) VAPs in situ at the time
of explantation. By far the largest and most developed vascular trees are concentrated around
the polysulfone VAP and to a lesser extent around the titanium VVAP. Histologically, the FBCs
consisted of dense fibrous tissue with varying degrees of chronic inflammation which tended
to be animal specific. The histological vascularity of the tissues typically corresponded to the
gross findings illustrated.
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Discussion

It has become progressively more important to characterize and understand pathophysiological
responses of living tissue to implanted objects. Increasing knowledge of molecular and cellular
physiology and the development of nanofabrication techniques heralds the development of a
new generation of nanoengineered and highly biocompatible biomaterials. Novel
nanomaterials engineered to mimic the dimensions and molecular structures of cellular surface
proteins would be expected to interact with cellular structures and thereby activate or suppress
cellular responses as designed [reviewed in 20]. Therefore, the anticipated arrival of
biomimetic materials warrants multidisciplinary study of conventional biomaterials and the
development of methods for characterizing biocompatibility.

With this goal in mind, we have developed a chronically instrumented large animal model of
subcutaneous device implantation and microsphere delivery for serial determination of
regional blood flow in conscious canines [19]. This model allows clinically relevant insights
into microcirculation during long-term pathophysiological, pharmaceutical, and
environmental influences on regional arterial blood flow patterns. Similar to the techniques
described by Rudolph and Heymann [22] and Makowski et al. [23], small diameter
microspheres injected into the left atrium distribute throughout the body and become trapped
in vascular beds of interest based on regional blood flow patters. Using this model, the purpose
of the present study was to quantify regional blood flow within the FBC and determine if
devices of clinically relevant size constructed from different materials provoke quantifiably
different blood flow within the FBC and subcutaneous fascia immediately surrounding the
device.

In the past, investigators have studied implantable biomaterials and evaluated histological
features of the foreign-body response [1,5,7,9-11,13-16], as well as semi-quantitatively
measured blood flow in the FBC with 133Xenon clearance, infrared thermography, and laser
doppler flowometry [16]. However, these studies have been performed in relationship to
implants of millimeter dimensions or smaller and not devices of clinically-relevant size.
Devices used in human medicine are typically centimeters long and wide. Such devices trigger
a more substantial foreign-body response than experimental, small-dimension flat sheets.
Nonetheless, the results from these studies have indicated that the nature of the FBC is highly
sensitive to physical characteristics of the implanted device [2,4-8]. Features of the implanted
material such as porosity or specific molecular moieties may influence fibrous capsule
thickness, density, and microvessel growth. To further advance understanding of the flow
patterns within tissues surrounding implanted foreign-objects, we measured blood flow in the
FBC and adipose tissue surrounding implants of centimeter dimensions.

Standard deviations for blood flow within the FBCs and surrounding tissues were relatively
large. Animal to animal response differences may have accounted for these differences. It was
noted that some individual animals had more localized chronic inflammation, less fibrotically
dense FBCs, and more vascularity typically had larger blood flow values. In these animals, a
more robust foreign-body and chronic inflammatory response may have amplified
angiogenesis and maintained elevated blood flow during the construction and maintenance of
the FBC. This observation is the focus of additional study in our laboratory. Additionally,
device proximity and/or multiple devices implanted in the same general location may have
influenced healing around multiple devices and could account for the large range of observed
blood flows.

The time-course of measured blood flows within the FBC surrounding each device material
were not similar in shape. After the initial surgical insult and recovery period, blood flow was
elevated in foreign-body capsules surrounding polysulfone and silicone devices but remained
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relatively constant in foreign-body capsules surrounding titanium devices for the duration of
the study. Figure 5 illustrates average blood flow within the FBCs surrounding each device
material and the shape of the flow-time relationship during the construction and maintenance
of the FBC. This time-course analysis suggests that device materials may differentially
influenced the healing process chronically over weeks.

Our results demonstrate that implanted devices increase blood flow in the FBC as well as
surrounding adipose tissue and that device material may influence regional flow patterns.
Titanium, a biologically-inert material, and silicone, an inorganic and minimally biologically
active biocompatible material, produced a chronic foreign-body response characterized by
statistically significant increases in blood flow in the FBC and small but statistically
insignificant increases in blood flow in adipose tissue immediately surrounding the FBC.
However, polysulfone, a carbon based polymer presumed to be more biologically active,
provoked a greater pathologic response which included more substantial increases in blood
flow in the FBC and statistically significant increases in adipose blood flow surrounding the
FBC. As illustrated in Figure 6, the greatest vascularity was observed around the polysulfone
VAP and to a lesser extent around the titanium VAP,

These results suggest that different biomaterials may elicit differential histopathologic and
immunologic responses from the foreign object within the FBC as well as in tissues
immediately surrounding the FBC. Although we did not measure systemic or local cytokine
or chemokine levels or quantify cell populations, it is possible that the individual biomaterials
may have affected immunologic, tissue-repair, and/or microvessel growth pathways
differently. Recruitment and activation of fibroblasts, collagen deposition and matrix
remodeling, and neovascularization and microvessel development within the developing FBC
may be influenced by gross or molecular characteristics of the surface of the implanted devices.
For example, during the foreign-body response, Hevin and SPARC, two homolog matricellular
proteins, mediate the architecture of the collagenous FBC. These matricellular proteins inhibit
angiogenesis in the FBC and may be influenced by implant material and microgeometry [21].
Likely, characteristics of different materials preferentially activate or inhibit cellular
mechanisms that influence remodeling pathways and govern the ultimate architecture of the
FBC. Additional studies are needed to investigate these pathways.

For devices with sensory or delivery systems in which diffusion is necessary, microvessel
proliferation within the FBC may be important for device function. The fibrous matrix of a
FBC increases the overall mass-transfer resistance of the tissue and impedes the diffusion of
analytes to and from the device into the surrounding vasculature [1,4]. As an example for future
investigation and application, an understanding of the blood flow patterns within the FBC may
help to calibrate delivery or sensory algorithms within devices with sensory and/or delivery
functions.

Additional studies with old and new biomaterials and devices are needed to further quantify
the time course of flow pattern changes in the FBC, systemic and local cytokine and chemokine
levels, and roles of cell types and molecules that mediate neovascularization, angiogenesis,
and the construction of the FBC. Further characterization of the foreign-body response will
lead to more biocompatible materials designed to activate or suppress cellular responses as
designed.

Microsphere injections were not performed after the same number of post-operative days in
each animal. We have shown that blood flow values change over the course of tissue
remodeling and formation of the ultimate chronic FBC. These differences in time may have
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influenced results and may account for the large standard deviations noted in the blood flow
measurements.

An initial baseline blood flow value was not available from the site of device implantation.
Prior to instrumentation surgery, microspheres could not be injected to establish baseline
subcutaneous blood flow before device implantation. Similarly, microspheres could not be
injected post-operatively until animals had recovered from surgery and were not under the
influence of analgesics which may alter vascular tone and influence systemic or regional
hemodynamics. This limitation of the model precludes collection of a baseline flow value at
the site of implantation and determination of regional blood flow patters during the initial,
acute foreign-body response before cellular infiltration and FBC maturation.

Implanted devices were different in shape and size. It has been shown that device dimensions
may affect the nature of the FBC and may have influenced flow values within the FBCs.

During the course of this study, these chronically instrumented animals underwent additional
and unrelated experimental protocols in which the implanted devices were used for data

acquisition related to the study of inhaled air pollution (data not shown). Although we do not
believe that these exposures influenced the present study, we acknowledge this as a limitation.

Notwithstanding these limitations, the current study contains several strengths including the
use of a clinically relevant, conscious, large animal model, and a longitudinal repeated-
measures study design. Our results suggest that this model may be implemented to evaluate
local blood flow within the FBC surrounding devices of clinically-relevant size and that device
material may provoke quantifiably different blood flow within the FBC and surrounding
subcutaneous fascia.

Conclusions

We have developed a chronically instrumented, conscious large animal model to quantify blood
flow within foreign-body capsules. Surgically implanted subcutaneous devices of clinically
relevant size elicit increases in blood flow in the foreign-body capsule as well as surrounding
fascia. Device material may influence regional flow patterns.
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Figure 1.

Titanium (right) and polysulfone (left) vascular access ports were implanted subcutaneously
in the back and buried in multi-layers in the fascia. These devices served the dual purpose for
delivery of microspheres into the left heart and as the implanted test device around which
foreign-body capsular blood flow was repeatedly determined.
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Figure 2.

After euthanasia, devices and surrounding tissue structures were harvested. From each fibrous
capsule, two sections of tissue in direct contact with the base of the device (boxes denote
approximate locations of tissue samples), and two sections of subcutaneous adipose tissue
within 0.5 cm of the capsule (arrows denote example noncapsular subcutaneous fascia) were
studied. A: Polysulfone vascular access port (VAP) and surrounding capsule. B: Titanium VAP
and surrounding capsule. C: Silicone-coated telemetry device.
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Figure 3.

Blood flow in the foreign-body capsule and fascia surrounding subcutaneously implanted

polysulfone, silicone, and titanium devices (mean + SD).
# p<0.01 vs. fascia blood flow for that material
* p<0.001 vs. distal fascia blood flow
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Figure 4.
Blood flow in the capsular fascia within 5mm of the foreign-body capsule surrounding
subcutaneously implanted devices (mean + SD).
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Figure 5.

The time-course of measured blood flow within the FBC surrounding each device material.
After surgery and recovery, blood flow in foreign-body capsules surrounding polysulfone and
silicone devices was elevated and decreased toward chronically elevated values slightly above
normal subcutaneous blood flow. Blood flow in tissues surrounding titanium devices followed
a different time-course in which flow values remained low for the duration of the study.
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Figure 6.
In situ example polysulfone (P) and titanium (T) vascular access ports (VAPS) at the time of

explanation. Large and branched vessels seem to congregate around the polysulfone VAP and
to alesser extent around the titanium VVAP. These de novo vascular structures in close proximity
to the devices underscore the role of neovascularization in foreign-body capsule development.
The increased presence around the polysulfone device further demonstrates differential
foreign-body response to individual device materials.
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