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ARTICLE INFO ABSTRACT

Keywords: The fiberoptic microneedle device (FMD) is a fused-silica microcatheter capable of co-delivery of fluids and light
Brain that has been developed for convection-enhanced delivery and photothermal treatments of glioblastoma. Here
Convection enhanced delivery we investigate the biocompatibility of FMD fragments chronically implanted in the rat brain in the context of
E:jrrggﬁcr;g;n%dle device evaluating potential mechanical device failure. Fischer rats underwent craniectomy procedures for sham control
(n = 16) or FMD implantation (n = 16) within the brain. Rats were examined daily after implantation, and at 14,
30, 90, and 180 days after implantation were evaluated via computed tomography of the head, hematologic and
blood biochemical profiling, and necropsy examinations. Clinical signs of illness and distant implant migration
were not observed, and blood analyses were not different between control and FMD implanted groups at any
time. Mild inflammatory and astrogliotic reactions localized to the treatment sites within the brain were
observed in all groups, more robust in FMD implanted groups compared to controls at days 30 and 90, and
decreased in severity over days 90-180 of the study. One rat developed a chronic, superficial surgical site
pyogranuloma attributed to the FMD silica implant. Chronically implanted FMD fragments were well tolerated
clinically and resulted in anticipated mild, localized brain tissue responses that were comparable with other

implanted biomaterials in the brain.

1. Introduction

Convection-enhanced delivery (CED) is the continuous administra-
tion of a fluid containing therapeutic agent under positive pressure via
stereotactically placed small-caliber catheter(s) inserted into the brain
(Raghavan et al., 2006; Rossmeisl, 2017). The CED technique has been
investigated for its potential usefulness for the treatment of brain tu-
mors, because it allows the direct delivery of large molecule therapeutics
to the tumor that would not normally pass through the blood brain
barrier (BBB; Krauze et al., 2005, Rossmeisl et al., 2021, Ung et al.,
2015). CED can also increase the distribution volume (Vq4) of the drug in
the brain tissue orders of magnitude over what can be achieved by
simple diffusion without significantly increasing intracranial pressure
(Rossmeisl, 2017).

One of the major limitations of CED is the inability to consistently
distribute therapeutic agents to the entire, biophysically heterogeneous,
target brain or tumor volume (Mehta et al., 2017; Raghavan et al., 2006;

Rossmeisl et al., 2021). It has been shown that the V4 of CED infusates
can vary depending on the tumor’s location in the brain as well as it’s
microenvironmental characteristics. For example, CED infusions per-
formed in proximity to the ventricular system have a propensity to result
in drug leakage into the low-pressure ventricles and drugs may pool in
necrotic tumor regions preventing distribution to viable cancer cells
(Mehta et al., 2017; Rossmeisl et al., 2021) Other major determinants of
the efficacy of CED are physical features of the catheter. Historically,
catheter clogging, infusate reflux or backflow, and air bubble formation
have complicated complete treatment of brain tumors with CED (Mehta
et al., 2017; Sampson et al., 2010). To overcome reflux, catheters have
been designed to incorporate reflux-preventing properties such as a ‘step
change’, in which the diameter of the catheter narrows the distal tip of
the catheter (Krauze et al., 2005). These reflux preventing catheters
have been shown to be capable of delivering CED infusates at high flow
rates without reflux in humans and dogs with intracranial gliomas
(Raghavan et al., 2006, Rossmeisl et al., 2021, Ung et al., 2015,
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Vogelbaum and Aghi, 2015).

Additional improvements to CED approaches for brain tumors have
manifested as multiport catheters capable of delivering high volumes of
therapeutics through a single insertion portal (Elenes et al., 2021;
Vogelbaum et al., 2019). One example of such a multiport CED device is
our proprietary arborizing catheter, the Convection Enhanced Ther-
motherapy Catheter System (CETCS). The CETCS consists of a rigid
primary cannula which contains up to seven ports, each of which houses
an individual fiberoptic microneedle device (FMD; Fig. 1). Each FMD is a
light-guiding, fused silica capillary tube capable of simultaneous co-
delivering both fluids and light (Hood et al., 2013a; Hood et al.,
2013b). The photothermal capabilities of the CETCS offer advantages
over existing multiport CED catheter systems in that sublethal heating
during infusion can increase the V4 of infusates by increasing fluid
diffusion and convection, and reducing fluid viscosity (Hood et al.,
2013a; Hood et al., 2013b). CETCS hyperthermic applications include
laser interstitial thermotherapy for tumor ablation, augmentation of the
cytotoxicity of chemotherapeutic agents, or prevention of tumor cell
seeding of needle track (Hood et al., 2013b; Liu et al., 2001; Saad and
Hahn, 1992).

Possible adverse events associated with mechanical failure of the
CETCS system would be breakage of a FMD deep within the brain pa-
renchyma or subsequent migration of the broken FMD fragment outside
of the brain. To evaluate the in vivo effects of these potential compli-
cations, the objectives of this study were to characterize the clinico-
pathologic responses to microneedle fragments chronically implanted in
the brain of rats and determine if systemic FMD migration occurred in
these rodents. We hypothesized that FMD fragments chronically
implanted in the brain of rats would: 1) not cause clinical evidence of
brain disease; 2) result in neuropathological findings similar to those
observed with other chronically implanted catheters in the central
nervous system (Butt, 2011); and 3) not migrate outside of the
calvarium.

2. Materials and methods
2.1. Animals and study design

Thirty-two adult male Fisher rats were randomly assigned to sham
control (n = 16; FMD inserted into brain tissue and then withdrawn) and
FMD implanted treatment groups (n = 16; FMD fragment implanted
within brain parenchyma). Surgical treatments were performed on study
day 0. At 14, 30, 90 and 180 days following surgical treatments, 4 each
of FMD implanted and sham control rats were weighed, had a complete
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Fig. 1. The Convection Enhanced Thermotherapy Catheter System (CETCS)
consists of a primary arborizing cannula from which up to seven individual
fiberoptic microneedle devices (FMD) can be deployed. Each FMD (inset) is
constructed from small caliber fused-silica capillary tubing and capable of co-
delivering fluids and light.
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blood count and biochemical profile performed on peripheral blood and
then were euthanized by barbiturate overdosage. A post-mortem micro-
computed tomographic (mCT) imaging examination of the head and
necropsy examination were then performed. The study was performed in
accordance with the principles of Guide for the Care and Use of Labo-
ratory Animals and was approved by the Institutional Animal Care and
Use Committee of Virginia Tech (IACUC #19-245).

2.2. Craniectomy and FMD insertion into the brain

On day 0, the animals were weighed and premedicated with a 1.0
mg/kg subcutaneous injection of buprenorphine (SR-LAB; Zoopharm,
Windsor, CO, USA), and then anesthetized with inhaled isoflurane
(2-3.5%:95% isoflurane:oxygen mixture) delivered via nosecone. The
dorsum of the head from the intercanthal area to the cranial cervical
region was clipped and prepared for aseptic surgery. Anesthetized rats
were placed in a small animal stereotactic headframe (Model 1350 M,
David Kopf Instruments, Tungisten, CA, USA). A unilateral ros-
trotentorial surgical approach to the skull was performed and a 3 mm in
diameter parietal craniectomy burr hole defect was created in the skull
of each rodent using a high-speed electric drill. Randomly selected,
sterile fragments of FMD (2-5 mm length; outer diameter = 365 pm;
inner diameter = 150 pm) made from fused-silica capillary fibers (Fig. 1
inset; TSP180375, General Separation Technologies, Newark, DE, USA)
were inserted through the burr hole, and implanted such that each
fragment was completely embedded in the neuropil (Hood et al,
2013b). Following FMD implantation or sham treatment, the surgical
incision was closed with tissue adhesive (VetBond, 3 M Animal Care
Products, St. Paul, MN, USA).

2.3. Animal health status monitoring and euthanasia

Rats were housed in a temperature (26 +1.5 °C) and humidity
controlled experimental room with a 12 h:12 h light-dark cycle in
transparent polycarbonate cages, with 2 rats in each cage. Laboratory
chow and water were provided ad libitum throughout the experiment.
Rats underwent a 14 days acclimation period prior to the performance of
the sham or FMD implantation surgery on day 0.

After craniectomy procedures, a health check was performed each
day for the 180 days period of the study to examine signs of lassitude,
social withdrawal, locomotion incoordination, dehydration, and surgi-
cal wound dehiscence or infection. The body weight of each animal was
also recorded on the day of each of the predetermined survival end-
points, and animals were euthanized by intraperitoneal barbiturate
overdosage (30 mg/kg Fatal Plus, Vortech Pharmaceuticals, Dearborn,
M, USA).

2.4. Hematological and biochemical analyses

For each rat, prior to the euthanasia, blood was collected via an
intracardiac puncture and aliquoted into EDTA anti-coagulant and
serum separator vacutainer tubes. Hemoglobin (Hb; %), hematocrit
(Hct; %), mean corpuscular volume (MCV; fL), mean corpuscular he-
moglobin (MCH; pg), red blood cell count (RBC; ><106/pL), total white
blood cell count (WBC; ><103/pL), lymphocytes (%), monocytes (%),
granulocytes (%) and platelets (x10%/uL) were determined using Sys-
mex XT-2000i analyzer (Sysmex, Mundelein, IL). Serum alanine trans-
aminase (ALT; U/L), aspartate transaminase (AST; U/L), alkaline
phosphatase (ALP; U/L), total bilirubin (mg/dL), albumin (g/dL), total
protein (g/dL), cholesterol (mg/dL), glucose (mg/dL), blood urea ni-
trogen (mg/dL), and creatinine (mg/dL) were determined in serum with
an AU400 analyzer (Olympus America, Center Valley, PA).

2.5. Micro-computed tomographic (mCT) imaging

Following euthanasia, each rat was decapitated and a mCT scan of
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the head obtained (IVIS Spectrum CT, Perkin Elmer Caliper Life Sci-
ences, Waltham, MA, USA) using the following acquisition parameters:
voxel size = 75 pm, 50 kV, 1 mA, FOV: 6x6x3 cm to document the
location of the FMD fragment in the brain. Decapitation was necessary
because the mCT unit was designed to accommodate mice, and it was
not possible to the fit the body of an adult rat in the mCT gantry.

2.6. Necropsy, histopathology, and immunohistochemistry

Following euthanasia and mCT, a necropsy examination was per-
formed on each rat. After immersion fixation in 10% neutral buffered
formalin for 24 h, the extracted brain of each rat was mounted into a 2
mm matrix slicer (Zivic Instruments, Pittsburg, PA, USA) and sectioned
in the transverse plane. Paraffin embedded tissues were sectioned at 5
pm and stained routinely with hematoxylin and eosin (H&E, Abcam,
Cambridge, MA, USA). Histological slides of the brain stained with H&E
were scored using a modification of previously reported grading system
that accounts for brain and meningeal tissues responses to the presence
of catheters in the nervous system (Table 1; Butt, 2011). Additional
paraffin embedded, 3 pm brain sections were stained according to the
manufacturer’s instructions with primary antisera against glial fibrillary
acidic protein (GFAP; polyclonal, 1:150, Dako, Carpinteria, CA, USA),
with an alkaline phosphatase detection method and fast red
counterstain.

2.7. Statistical analyses

At each time point, unpaired t-tests were used to compare means of
body weight, hematologic and biochemical variables, and histologic
scores between sham control and FMD implanted groups, with signifi-
cance defined as p < 0.05. All data were analyzed using Prism 9 software
(version 9.2.0, GraphPad Software, San Diego, CA, USA).

3. Results
3.1. Animal health status

Clinical abnormalities were not observed in 14/16 sham controls or
in 15/16 FMD implanted rats. Two sham control animals experienced
surgical wound dehiscence in the first three days post-operatively,
which were treated with primary wound closures with suture and sub-
sequently resolved. One FMD implanted rat in the 180 day survival
group developed a 5 mm in diameter, palpable subcutaneous soft-tissue
swelling overlying the surgical site 126 days after the surgery, but this
was not associated with other alterations in behavior. At the 180 day
survival endpoint, this palpable swelling had increased in size to ~10
mm diameter. No differences in body weight (Fig. 2) were noted
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Fig. 2. Mean body weights of sham control (black) and FMD implanted rat
(grey) groups over the study period.

between sham control or FMD implanted rats at any time point.
3.2. Hematologic and biochemical analyses

No differences in any hematologic or biochemical variables were
observed between sham control and FMD implanted groups at any time
point in the study (Table 2).

3.3. mCT imaging

Well marginated craniectomy defects were clearly visible in all sham
controls and 15/16 FMD implanted animals (Fig. 3). No imaging ab-
normalities within the brain were observed on mCT of any sham control
rats. In 16/16 FMD implanted rats, the FMD fragment was visible on
mCT as an intact well demarcated, linear hyperattenuating object within
the brain parenchyma that was consistent with the size of the FMD
implanted and in the location and trajectory of original implantation
relative to the overlying craniectomy defect (Fig. 3B and C, arrows). No
evidence of intracranial hemorrhage, air, or other brain lesions were
observed on the mCT scans of FMD implanted rats. In the one FMD
implanted rat in the 180 days survival group (rat 17) with the palpable
cranial swelling (Fig. 3E and F, asterisk), soft tissue swelling and
mineralization were observed on mCT in the area of the palpable
swelling as well as expansile region of bone lysis associated with the

Table 1
Histological grading system for evaluation of brain pathology in response to fiberoptic microneedle device implantation.
Severity Absent 1 2 3 4 Severe
Response grade 0 5
Brain tissue response
Mechanical lesion No Surface contact or Needle track Surface contact/contusion Puncture of Surface contact/contusion, needle track,

lesion contusion and needle track ventricle and puncture of ventricle
Hemorrhage Mild, focal Mild, local to Regional, around needle Moderate Severe
needle track track
Inflammation/ edema None Mild, local to Regional, around needle Moderate Severe
needle track track
Parenchymal necrosis Absent Absent Localized to Regional necrosis around and remote
needle tip from needle tip
Meningeal reaction
Meningeal inflammatory No Local, mild Local, moderate Local, severe Regional Diffuse
infiltrate lesion

The total histologic score = Brain tissue response grade + meningeal reaction grade.

Modified from Butt (2011).
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Table 2

Hematologic and serum biochemical profiles by group and time.

Group 2 (Day 30) Group 3 (Day 90) Group 4 (Day 180)

Groupl (Day 14)

Clinicopathologic parameter

FMD implant

Sham

FMD implant

Sham

FMD implant

Sham

FMD implant

Sham

SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

Mean

0.37
1.

15.25
50.25
61.21
20.08
8.06
9.77

0.32

15.41

0.45
1.18

0.

15.40
50.95
61.33
19.90
7.98
8.55

0.89
1.11
0.39
0.58
0.24
0.92
2.23
0.17
1.08

15.65

48.99
61.88

0.41
0.98
0.79
0.51
0.17
0.70
1.53
0.33
0.64

15.33

50.70
61.07

0.81
1.22
0.51
0.42
0.21
1.23

2.

15.09
49.02

0.39
0.96

15.05

49.80
61.42

0.78
1.16
1.06
0.35
0.18
0.84

2.

15.61
50.58
61.19

Hemoglobin (mg/dl)
Hematocrit (Het; %)

12

1.04
0.78
0.46
0.22
0.83
2.36
0.13
2.02

50.93

1.02
0.17
0.13
3.14

61.50
19.87
8.03
7.87

46

61.25
19.65
7.94
7.93

1.29
0.41
0.15
0.29

Mean Corpuscular Volume (MCV;fl)

0.49
0.14
0.80

0.

19.47
7.92
8.11

19.98
8.00
8.34

19.95
7.96
8.66

19.89
8.04
8.15

Mean Corpuscular Hemoglobin (MCH; pg)

Red Blood Cells (x 106/pL)
Total WBC (x10%/uL)

Lymphocytes %
Monocytes %

11.80
0.21

69.80
3.19

76.29

82

76.50
3.15

74.84
3.21

76.23

29

74.83

1.49
0.21
0.79

75.25

3.15

49

76.80
3.08

3.01

0.25
1.33

0.14 3.33

1.74

3.18

0.26
1.12

12.08
21.31

3.

26.30

18.51

19.90
799.00
42.14

18.29
781.06
46.88

18.83
793.50
41.17

17.58
777.84
42.97

19.85
772.75
40.91

18.31
783.53
43.44

Granulocytes%

775.75
42.29

38.93
4.

763.56
44.47

29.94
3.56
6.96

32.66
5.

19.64
3.76
8.53

26.82
3.

28.65

6.78

31.67
4.27
9.95

Platelets (x10°%/L)

45

90 93

34

Alanine Transaminase (ALT; U/L)
Aspartate Transaminase (AST; U/L)
Alkaline Phosphatase (ALP; U/L)
Total Bilirubin (mg/dl)

Albumin (g/dl)

138.26 3.58

13.92
23.78

126.85

141.19

11.17
24.45
0.04
0.20
0.32

146.61

138.62

10.48
16.50
0.03
0.21
0.22
9.39
7.57
3.06
0.04

143.23

5.74
9.

138.46

132.87
369.34
0.06
3.91
6.27

65.42
0.04
0.28
0.19
6.

374.09
0.08
3.93
6.18

359.22
0.07
3.83
6.37

20.93

387.86
0.09
4.03
6.00

394.39
0.07
3.94
6.19

12.17

388.94
0.08
3.85
6.35

379.37
0.08
3.96
6.28

86

376.41
0.07
3.95
6.15

26.29
0.04
0.24
0.29

0.02
0.21
0.24

8.

0.03
0.22
0.18

0.04
0.19
0.13

7.

0.02
0.13
0.21
7.14

Total Protein (g/dl)
Cholesterol (mg/dl)
Glucose (mg/dl)

76

77.13

49

74.62

10.94
4,

73.35
82.25

12.13
6.

69.58

75

71.06
80.00

74.85

72.64
81.75

11.61
8.66
2.

74.26
79.27

9.83 79.50 7.55

1.

70.46

65

5.60 81.63 61

2.22
0.05

84.36

5.32

1.41
0.05

15.04

0.36

59

2.38 16.17

0.04

16.56
0.36

3.25

0.06

18.38
0.33

18.25
0.35

16.77
0.33

16.03 1.63
0.03

0.35

46

15.21
0.34

Blood urea nitrogen (mg/dl)

Creatinine (mg/dl)

0.06

0.31

0.06
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craniectomy defect.
3.4. Necropsy, histopathology, and immunohistochemistry

No gross lesions were observed in the brains of sham controls
(Fig. 4A1). On gross examination of FMD implanted rats, focal menin-
geal exudates were observed on the dorsal surface of the cerebrum and
were visible at the point where FMD fragments were inserted into brain
in the day 14 and 30 (Fig. 4A2) groups. In the day 30 and 90 groups,
punctate depressions on the dorsal aspect of the cerebrum were
observed where FMD fragments were inserted into the brain. In some
animals, the brain extraction procedure resulted in the proximal tip of
the FMD fragment protruding into the center of these depressions
(Fig. 4A3). Following transverse sectioning of the brain, implanted FMD
fragments were clearly visible, but were not associated with grossly
apparent lesions in the brain parenchyma (Fig. 4A4). FMD implanted rat
17 (180 day survival group) was the only animal with an observable
gross lesion outside of the brain. This rat had a palpable soft-tissue
swelling on the head, was noted to have an epidural abscess affecting
the calvarium immediately adjacent to the craniectomy site extending
into the overlying soft tissues.

Brain histological scores in FMD implanted rats were significantly
higher than controls at days 30 and 90 (Fig. 4B). The severity of histo-
logic brain lesions successively increased in both sham and FMD
implanted groups over days 14-90 of the study, with very mild lesions
present in sham control and FMD implanted rats by study day 180.

In sham controls, histologic lesions consisted of surface contusions
and mild hemorrhage, edema, and mixed suppurative and mononuclear
brain parenchymal and meningeal inflammatory infiltrates that were
localized to catheter tracks or the craniectomy site on Day 14 (Fig. 4C1
and C4). On days 30 and 90, inflammatory infiltrates in the meninges
and brain were predominantly mononuclear and contained hemosiderin
laden macrophages (Fig. 4C7). Increased numbers and sizes of glial cells,
which were confirmed to be predominantly astrocytes on GFAP immu-
nohistochemistry, were noted adjacent to catheter tracks (Fig. 4C4).
Sham control animals had minimal lesions consisting of scant gliosis
along the catheter insertion tracks at day 180 (Fig. 4C10).

In FMD treated rats, observed meningeal infiltrates were similar in
type but slightly more extensive than those observed in controls
(Fig.4C2, C3, and C5) at the same time points. Brain parenchymal
edema, inflammation, astrogliosis, and hemorrhage were also similar in
morphology to controls but more severe in their regional extent of
involvement of the brain surrounding the FMD implants (Fig. 4C2, C5,
and C6). Brain parenchymal necrosis localized to distal tips of the FMD
was also observed in treated rats at days 30 (Fig. 4C5) and 90 (Fig. 4C8
and C9). The predominant histological brain lesion in the day 180 FMD
group was mild gliosis along the catheter implant tracks (Fig. 4C11,
arrow). In the day 180 FMD implanted rats, one animal (rat 17) had a
pyogranulomatous epidural mass, meningeal fibrosis, and calvarial
osteomyelitis in the region of the craniectomy. Angular, refringent
polarizing material was detected within the pyogranuloma, consistent
with silica glass fragments (Fig. 4C12). Histologic changes were not
observed in the brain parenchyma of rat 17.

Localized astrogliotic reactions, as evaluated with GFAP immuno-
histochemistry, adjacent to catheter tracks and catheter tips were noted
in all groups at all time points. These were interpreted as minimal in the
day 14 groups, mild in both 30 days groups, and subsequently decreased
in severity at 90 and 180 days, with the extent of reaction in the 180
days groups resembling those seen in the day 14 groups (Fig. 4C).
Astrogliotic reactions in FMD implanted rats resembled those of control
rats in morphology, but extended further into the brain parenchyma
surrounding the FMD implants.

4. Discussion

As the CETCS system was originally intended for single use, short
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Fig. 3. Representative micro-computed tomographic scans of control (A, B) and FMD implanted (C—F) rats obtained at day 90, and from the one FMD implanted rat
that developed a surgical site pyogranuloma and calvarial osteomyelitis (E, F) 180 days after treatment. The implanted FMD are visible as linear, hyperattenuating
objects (arrows) within the brain parenchyma underlying the craniectomy defects. The soft tissue swelling (E, F asterisk) and expansile, osteolytic reaction in rat 17

are apparent.

duration interstitial delivery of infusates into the brain, this study was
primarily conducted to evaluate the biological responses to mechanical
device failure (Elenes et al., 2021; Hood et al., 2013a). However, given
the advantages the photothermal capabilities of the FMD, we also
envision the potential value of chronically implanting the device in the
brain for long-term continuous or intermittent infusions or optogenetic
therapies for neurodegenerative disorders (Montagni et al., 2019).

In rats with FMD chronically implanted in the brain, we did not
observe evidence of neurologic or systemic constitutional illness, he-
matologic or biochemical alterations that were different than controls,
or migration of the devices outside of the calvarium. The tissue reactions
in the brain associated with the FMD consisted of hemorrhage, inflam-
mation, and astrogliosis at the implant site, and were more locally robust
than seen in controls.

Silica based medical devices and biomaterials have been developed
and used for over 6 decades for numerous indications, but the major
current medical use of silica implants is for bioactive glass applications

78

in bone healing, although fused silica and ceramic catheters have been
used for CED applications in the brain (Barua et al., 2013; Hayn et al.,
2017; Rossmeisl et al., 2021; Ung et al., 2015). The brain tissue re-
sponses we observed to the fused silica FMD fragments were similar in
morphology, extent, and temporal evolution to other studies that have
reported brain pathology associated with implanted catheters made of
silica and other biomaterials (Butt, 2011; Hayn et al., 2017; Linsmeier
et al., 2009; Rossmeisl et al., 2021; Zhong and Bellamkonda, 2008). In
our study, the mechanical damage to the brain tissue and resulting
inflammation were restricted to the implant sites, with the most severe
lesions occurring around the tips of the devices, and these injury re-
sponses declined in severity between 3 and 6 months (Butt, 2011). A
biocompatibility study of silicon oxide coated nanowires implanted in
the rat brain evaluated local effects of the nanowires at 1, 6 and 12
weeks after implantation, and also observed increased glial responses in
the first week, which declined over time (Linsmeier et al., 2009). This
study also found evidence that the nanowires were able to cross the
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FMD Implanted

Fig. 4. Summary of neuropathological findings. A- Gross brain specimens were unremarkable in sham controls (1, day 14). In FMD implanted rats, focal meningeal
exudates were visible on the brain surface at the implantation site on days 14 and 30 (2) in FMD implanted rats, and punctate depressions in the brain were seen at
the implant site (3, day 90, arrow). FMD fragments were clearly visualized within the brain tissue upon sectioning, but were not associated with gross lesions (4, day
180, arrow). Bar = 3 mm in all panels. B- FMD implanted rats had significantly higher histologic scores than controls at days 30 (*, p = 0.03) and 90 (*, p = 0.02). C-
Focal meningeal and brain parenchymal inflammatory infiltrates (1-7) and astrogliosis (4, 5, 8) are present surrounding the implantation site at days 14-90 and are
more extensive in FMD implanted animals than controls. Brain necrosis at catheter tips (5, 8, 9) was visible in day 30 and 90 FMD implanted rats. Lesions were
minimal in day 180 groups, and consisted of mild gliosis along the catheter track (10, 11, arrow). Angular, refractile silica fragments are visible among the
pyogranulomatous reaction (12) observed in rat 17 at day 180. Panels 1-3, 6, 7, 9, 10, and 12, H&E stain. Panels 4, 5, 8, 11, GFAP immunohistochemistry.

blood brain barrier and leave the brain, and were partially degraded by
microglia by weeks 6 and 12 (Linsmeier et al., 2009).

The FMD device can be clearly visualized with computed tomo-
graphic imaging, which is important to confirm its intended location for
clinical indications in the brain, but also to monitor catheter placement
and integrity when chronically implanted. Although we did not see any
signs of distant FMD migration, this is likely because the size of the
implanted fragment was too large to pass intact through the rat brain
vessels. However, given the clinical, mCT, and histologic findings
observed in the one FMD treated rodent in the 180 days survival group,
we suspect that the proximal end of the FMD migrated locally through
the meninges into the overlying soft-tissues and was damaged. The
subsequent mechanical irritation and presence of the silica fragments
subsequently led to the pyogranuloma and osteomyelitis at the surgical
site, which is a clinical situation that clinically could have been miti-
gated with a relatively straightforward local debridement intervention.
Given the robust and mixed osteoproductive and osteolytic bone tissue
response observed in the skull of this rat, we cannot completely exclude
the possibility that the fused-silica FMD device has bioactive glass
properties upon degradation (Henstock et al., 2015).

We have used both FMD and the CETCS system to perform CED and
laser interstitial thermotherapy in the brain of multiple animal model
systems without evidence of mechanical device failure (Elenes et al.,
2021; Hood et al., 2013a; Hood et al., 2013b; Sharma et al., 2020).
However, the observations in the rat with the pyogranuloma highlights
the need to evaluate other modes of mechanical failure of the FMD de-
vice that simulate the presence and degradation profiles of pulverized
silica microfragments within tissues over a more protracted period. This
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design scenario would be appropriate to model biological and clinical
effects of systemic biomaterial migration and intravascular object
embolization.

5. Conclusions

Chronically implanted FMD fragments in the rat brain were well
tolerated clinically, did not migrate distantly or cause significant sys-
temic alterations, and resulted in anticipated mild, localized brain tissue
responses that diminished in magnitude over the 6 months study period
and were comparable with other implanted biomaterials in the brain.
From this biocompatibility data and our clinical experience, we
conclude that the risk-benefit profile of the CETCS device is favorable
given its primary intended indication for single, short-term use in the
treatment of malignant glioma.
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