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Abstract

Purpose—To evaluate the time frame of resorption and tissue response of newly developed
bioresorbable microspheres (BRMS) and vessel recanalization after renal embolization.

Materials and Methods—Embolization of lower poles of kidneys of 20 adult rabbits was
performed with BRMS (300-500 um). Two rabbits were sacrificed immediately after embolization
(day 0). Three rabbits were sacrificed after follow-up angiography at 3, 7, 10, 14, 21, and 30 days.
The pathologic changes in the renal parenchyma, BRMS degradation, and vessel recanalization
were evaluated histologically and angiographically.

Results—Embolization procedures were successfully performed, and all animals survived
without complication. Infarcts were observed in all kidneys that received embolization harvested
after day 0. Moderate degradation of BRMS (score = 1.07 + 0.06) was observed by day 3. Of
BRMS, 95% were resorbed before day 10 with scant BRMS materials remaining in the arteries at
later time points. Partial vessel recanalization was observed by angiography starting on day 3,
whereas new capillary formation was first identified histologically on day 7. Vascular
inflammation associated with BRMS consisted of acute, heterophilic infiltrate at earlier time
points (day 3 to day 10); this was resolved with the resorption of BRMS. Inflammation and
fibrosis within infarcted regions were consistent with progression of infarction.

Conclusions—BRMS were bioresorbable in vivo, and most BRMS were resorbed before day 10
with a mild tissue reaction. Vessel recanalization occurred secondary to the resorption of BRMS.

Bioresorbable particles offer potential advantages over nonresorbable particles for
embolization. First, their resorbability makes them more favorable than comparable
nonresorbable materials that persist in vivo with unknown consequences. Second, the
transient nature of embolization produced by resorbable embolic agents would allow for
repeat procedures in oncologic indications (1). The resorption would result in limited
hypoxia, which can reduce tumor angiogenesis (2). Lastly, for chemoembolization with
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drug-eluting microspheres, the drug would be completely released by the time of resorption
of bioresorbable microspheres. Increased tissue necrosis has been observed in
chemoembolization with doxorubicin-loaded nonresorbable microspheres (DC Bead,;
Biocompatibles UK Ltd, Farnham, Surrey, United Kingdom) because of the long-term
presence of the microspheres containing doxorubicin (3).

Current commercially available bioresorbable embolic materials include gelatin sponge
(Gelfoam; Pfizer, Inc, New York, New York) and starch microspheres (Embo-Cept® S;
PharmaCept, Berlin, Germany), both of which have shortcomings. The gelatin sponge
available in the United States is nonspherical and requires manual cutting, which results in
size discrepancy and variable levels of occlusion (4). The degradation of gelatin sponge is
unpredictable. Although resorption of gelatin sponge has been reported to occur typically 7
and 21 days after embolization (5), some reports have shown a high percentage of permanent
vessel occlusion with gelatin sponge (6,7). Starch microspheres are calibrated and can be
used to deliver chemotherapeutic drugs in liver tumors (8). However, they are available in
only one small caliber (~50 um) and have a very short half-life (~40 min).

Calibrated bioresorbable microspheres (BRMS) were developed to address the
aforementioned concerns (9). These microspheres are made of natural polysaccharides and
possess excellent cell compatibility, hydrophilicity, and in vitro degradability that can be
readily adjusted by modulating their composition (10). In vivo resorbability of BRMS has
been confirmed in a rabbit renal model (10). Although these preliminary studies have shown
that BRMS are promising for embolization (9,10), their time frame of resorption and related
features are unknown. The aim of the present study was to determine the time frame of
resorption, tissue response, and kinetics of vessel recanalization using BRMS in a rabbit
renal model.

Materials and Methods

Microspheres

BRMS were prepared from 2% (weight/volume) oxidized carboxymethylcellulose
(theoretical oxidation degree of 25%) and 2% (weight/volume) carboxymethyl chitosan
aqueous solutions by an inverse emulsion method (10). Calibrated BRMS of 300-500 pm
were obtained by sieving BRMS with US standard sieves, and sieved microsphere size
distribution was assessed with an optical microscope (Olympus CK-2; Olympus
Corporation, Shinjuku-ku, Tokyo, Japan) by measuring the diameters of 200 randomly
picked microspheres. The concentration of the microsphere suspension used was 10 mg/mL
in a 5:5 saline:contrast (Optiray 320; Mallinckrodt Inc., Hazelwood, Missouri) mixture.

Embolization of the Renal Artery

All experiments had institutional animal care and use committee approval. In this study, 20
adult rabbits (New Zealand white) weighing 2.9-3.3 kg were used. Two rabbits received
embolization in the lower pole of both kidneys and were sacrificed immediately after
embolization. The remaining 18 rabbits received BRMS in the lower pole of one kidney and
were divided into six groups of three animals each according to the time of euthanasia (day
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3,7, 10, 14, 21, and 30). Rabbits were anesthetized by intramuscular administration of
ketamine hydrochloride (35 mg/kg), xylazine (5 mg/kg), and acepromazine (0.75 mg/kg).
Each rabbit was intubated, and general anesthesia was maintained with 1.5%-2% isoflurane
and 1 L/min oxygen. The right common femoral artery was surgically exposed, and a 4-F
sheath was placed. Under fluoroscopic guidance, the renal artery was catheterized with a 4-F
Cobra catheter (internal diameter = 0.038 inch) (Glidecath; Terumo Medical Corp,
Somerset, New Jersey), inside which a 2.7-F microcatheter (internal diameter = 0.025 inch)
(Progreat; Terumo Medical Corp) was placed. BRMS were delivered through the
microcatheter into the lower pole of the kidneys at a rate of ~1 mL/min to achieve stasis, and
the volume of the microsphere suspension administered was recorded. Angiography was
performed before and after embolization. The arterial access site was closed by ligation.

Follow-up Angiography and Histopathology

At each sacrifice time point, rabbits underwent angiography, and the recanalization rate was
estimated by comparing the opacified arteries on final angiograms with arteries on
angiograms obtained immediately after embolization (4). The rabbits were euthanized by
intravenous injection of a barbiturate-based euthanasia solution (Euthasol; Virbac Animal
Health, Fort Worth, Texas). Each harvested kidney was divided into three blocks, 3- to 4-
mm, representing anterior, middle, and posterior regions. The infarct volume percentage of
each kidney was calculated by measuring the infarcted area and total area of the kidney
blocks and multiplying areas by thickness of the affected tissue (11). Kidney blocks were
fixed in 10% phosphate-buffered formalin, routinely processed, and embedded in paraffin.
Two 5-pm-thick sections were trimmed from each paraffin block and stained with
hematoxylin and eosin. In addition, selected sections were stained with Masson trichrome
and Verhoeff-van Gieson elastin stains to evaluate for fibrosis and the status of the internal
elastic lamina (IEL) of vessel walls, respectively.

Microscopic evaluation focused on the effects of BRMS on vessels and the surrounding
renal tissue. Each stained section was examined for (&) the presence of microspheres or
microsphere fragments, (4) microsphere resorption, (¢) arterial location of microspheres, (a)
coagulative necrosis, (&) heterophilic inflammation, () mononuclear inflammation, (g)
granulomatous (foreign body-type) inflammation, (/) neointimal hyperplasia, ()
recanalization, () thrombus organization, (k) damage to the IEL, and (/) fibrosis (12).
Pathologic features were generally qualitatively (absent, mild, moderate, and marked)
graded unless specified; some were semi-quantitatively graded (described subsequently).
When applicable, the pathologic feature was defined according to the level of the renal
arterial tree affected (ie, interlobar, arcuate, or interlobular arteries) by focusing on the most
severely affected tissue area or vessel from each tissue section. All slides were evaluated by
a board-certified veterinary pathologist (D.S.) blinded to the treatment each group received.

The presence of microspheres or fragments in the arteries was qualitatively described as
most (70%—-100%), many (40%—-70%), a few (5%-40%), rare (1%—-5%), and single fragment
(< 1%), where the average number of microspheres per kidney identified at day 0 was
considered as 100%. Microsphere resorption was scored using the following 5-point scale
(13): 0, original spherical shape and size maintained, or a slight deformation; 1, moderately
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evident size reduction and distortion of the particle and cleft or cavity formation within the
particle; 2, clearly evident size reduction and distortion of the particle and the cleft or cavity
formation; 3, only scant microsphere material observed; or 4, no microsphere observed.
Coagulative necrosis was defined as areas of renal parenchyma demonstrating loss of
nuclear and cell detail but retention of architecture. The three inflammatory patterns
(heterophilic, mononuclear, and granulomatous/foreign body-type) were defined by
infiltration of renal parenchyma, vessels, or both by a characteristic cell type (heterophils,
lymphocytes and plasma cells, or macrophages and multinucleate giant cells) and graded
according to severity. Specifically, vascular inflammation associated with BRMS was
semiquantitatively graded as follows: 1, mild focal or multifocal perivascular or
intravascular infiltrate of inflammatory cells without evidence of vascular necrosis; 2,
moderate perivascular or intravascular infiltrate of inflammatory cells with or without
limited evidence of vascular necrosis; or 3, severe perivascular or intravascular infiltrate
(multifocal aggregates) of inflammatory cells with some vascular necrosis. When identified,
thrombi were characterized regarding their degree of organization, which reflects the
progressive infiltration of the original fibrin clot by collagen-secreting fibroblasts and
transformation into fibrovascular tissue. Neointimal hyperplasia was defined as thickening of
the intimal layer secondary to increased cellular and matrix density. Recanalization was
defined as the formation of newly developed vascular structures within a vessel after
embolization and graded according to the degree to which the original vessel luminal
diameter was restored as absent, mild (up to 33% of the original lumen was restored),
moderate (restoration of 34%-66% of the original luminal diameter), or marked (restoration
of 67%-100% of the original vessel luminal diameter). Lastly, disruption of the vascular IEL
was graded as follows: absent (intact IEL), mildly damaged (1%-33% of the IEL was
destroyed), moderately damaged (34%-66% of the IEL was destroyed), or markedly
damaged (67%-100% of the IEL was destroyed).

Statistical Analysis

Results

Data were summarized using the mean and SD for numeric variables. Multiple comparisons
between groups were evaluated by analysis of variance. Difference was considered
significant if Pwas < .05. Data were analyzed using SAS version 9.3 (SAS Institute, Cary,
North Carolina).

Embolic Materials

By light microscopy, BRMS were globular in shape with minimal defects (Fig 1). The
average diameter of the microspheres was 407 um + 57 with a range of 300-500 um (Fig E1
[available online at www.jvir.org]).

Renal Arterial Intervention and Angiography

BRMS embolization was successfully performed in all rabbits without clogging. The mean
volume of BRMS injected per kidney was 1.64 mL + 0.91. Angiography (Fig 2a—c)
confirmed embolization of the lower pole of kidneys to stasis on day 0 (Fig 2b). All animals
survived to sacrifice without complications.
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At follow-up angiography, complete vessel occlusion was maintained for two of the three
kidneys that received embolization on day 3, and flow was partially recovered for one
kidney that received embolization (< 10%). On day 7, partial reperfusion was observed in
two of the three kidneys that received embolization (> 70%), whereas one kidney that
received embolization was totally reperfused. On day 10, two of the three kidneys that
received embolization were totally reperfused (Fig 2c), and the remaining was nearly
completely reperfused (> 80%). From day 14 to day 30, all kidneys were reperfused.

Macroscopic Evaluation

Kidneys of the animals sacrificed immediately after embolization showed no evidence of
infarct but demonstrated reddish brown mottling on the surface. For animals sacrificed at
later time points, all kidneys showed regionally extensive areas of acute infarction reflected
by white-grayish discoloration on the external surfaces of the lower pole and multiple
peripheral wedge-shaped lesions on the cut surface. There was no evident size reduction in
the Kidneys after embolization compared with control kidneys. The average infarct volumes
of the kidneys after embolization were 4%-13% with smaller infarct volumes observed at
later time points compared with earlier time points. However, the difference was not
significant (P = .43, analysis of variance).

Microscopic Histopathology Findings

The pathologic findings are summarized in Tables 1 and 2. In the hematoxylin-eosin—stained
sections, BRMS had a characteristic dark pink to red color (Fig 3a—€). On day 0, BRMS
were located at interlobar and arcuate arteries without obvious deformation or size reduction
(score = 0) (Table 1 and 2, Fig 3a). From day 3 to day 7, BRMS were found in all three
arterial levels (interlobar, arcuate, and interlobular) with 40%-70% of microspheres
remaining compared with day 0 (Table 1). The first sign of microsphere resorption was
identified on day 3 as evidenced by a moderate size reduction with irregular borders (Table
2, Fig 3b). On day 7, microspheres were identified with a clear size reduction (Table 2, Fig
3c¢). On day 10 and day 14, few microsphere fragments (< 5%) were identified in
interlobular arteries in only one of the three kidneys that received embolization (Table 1 and
2, Fig 3d, e). On day 21 and day 30, only a single small fragment (< 1%) of BRMS was
identified in interlobular arteries (Tables 1, 2). Of BRMS, 95% were resorbed before 10
days, and there was a significant change in the microsphere morphology over the whole
study period (P < .00001, analysis of variance).

Starting on day 3 and extending to day 30, multiple areas of predominantly cortical
infarction were identified. In these areas, the necrosis was largely coagulative, with scant
inflammation and mineralization at later time points (Table 1). Inflammation was identified
at all time points except immediately after embolization (Fig 3a—f). Early in the study (days
3 and 7) (Fig 3D, c), inflammation was predominantly heterophilic with inflammatory cells
centered on renal arteries that received embolization and at the edges of the areas of
infarction. However, starting at day 7 and persisting to day 30, the inflammatory infiltrate
became increasingly mononuclear (ie, dominated by lymphocytes and macrophages) with
aggregates of multinucleated giant cells and evidence of microsphere resorption. Coincident
with this increase in mononuclear inflammatory cells, a decline in proportion of heterophils

J Vasc Interv Radliol. Author manuscript; available in PMC 2016 October 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Weng et al.

Page 6

and a progressive increase in fibrosis were observed. When only the vascular inflammation
was evaluated, a similar pattern emerged. Similar to the tissue inflammation, the vascular
inflammation was predominantly heterophilic (Fig 3b) early in the study with small nhumbers
of multinucleate giant cells. Semiquantitative analysis of the vascular inflammation revealed
that its severity peaked at day 10 and dramatically declined by day 14 and never became
more than mild to moderate. In addition, vascular inflammation was limited to the area
immediately adjacent to microspheres, and severity of vascular inflammation decreased as
microsphere resorption advanced (Table 2).

Elastin staining confirmed vascular injury through the identification of neointimal
hyperplasia and disruption of the IEL over the study period. Neointimal hyperplasia, a
nonspecific indicator for vessel injury, was first identified on day 7 (Fig 4a) and persisted, in
varying severity, through the duration of the study. Similarly, disruption of the IEL was first
identified on day 3, increased on day 7, and remained relatively static over the remainder of
the study (Table 1, Fig 4b).

The organization of thrombi and recanalization were first identified on day 7 and persisted
through the duration of the study (Fig 4b, d). At later time points, the occluded vessels
showed mild inflammation with or without scant microsphere materials (Fig 3e). The
recanalized vessels showed a thickened media or intima (Fig 3f). Masson trichrome staining
revealed evidence of mild fibrosis on day 3, which increased over the course of the study
(Fig 4c, d). The fibrosis was most pronounced within, and immediately adjacent to, the areas
of parenchymal infarction and necrosis, although there were occasional foci of periarteriolar
fibrosis.

Discussion

BRMS are injectable, degradable, variably sized (50— 1,200 pm), and drug-loadable polymer
microspheres (9,10) with a modifiable in vitro survivability profile that can range from 7
days to several months by modulating their cross-linking degree (10). The present study
demonstrates the safety and ease of using BRMS as an embolic agent. The presence of
infarcts confirmed that this material achieves the desired goal of embolization similar to
commercially available nonresorbable embolic materials (11,14). Similar to previous studies
(15), the BRMS in rabbits sacrificed on day 0 were identified in the interlobar and arcuate
arteries, although the level of occlusion changed as the resorption continued. Ohta et al (13)
described a similar phenomenon in which gelatin microspheres > 100 um progressively
migrated from the interlobar arteries to interlobular arteries, which was much faster than
BRMS. The gradual distal migration of the BRMS in this study is likely related to their
progressive degradation and associated decreased size and altered compressibility. This
migration is inherent to resorbable materials and is unlikely to cause any potential clinical
problem based on the clinical studies with gelatin sponge (6,7).

Of BRMS, 95% were resorbed before day 10 with scant fragments observed at later time
points, which is much faster than their in vitro enzymatic degradation (9). This difference
likely reflects the remarkably different in vivo environment, where body fluids (eg, blood),
enzymes, and infiltrating inflammatory cells are involved, compared with in vitro conditions.
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In addition, a partial occlusion of the kidney was performed in the present study, and the
extent of BRMS degradation at day 3 was comparable to that at day 7 in another study
where a total occlusion of the kidney was performed (10). This finding suggests that a partial
occlusion of the kidney results in more rapid microsphere degradation because residual
blood flow facilitates the delivery of inflammatory cells and proinflammatory substances.
These findings support the idea that BRMS are resorbed through hydrolysis and
phagocytosis, similar to the intra-arterial degradation of pure chitosan microspheres (12).

The endpoint of embolization regulates not only resorption but also inflammation and
vascular damage. Collaterals and viable tissue adjacent to the vessels that receive
embolization are necessary to initiate the inflammation reaction. In a typical response to a
foreign material, the number of macrophages in the area surges almost immediately, peaks at
day 3 to day 4, and begins to subside at day 6 to day 7 (16). In the present study, the vascular
inflammation associated with BRMS peaked at day 7 to day 10 and then subsided with the
resorption of BRMS. In addition, vascular injury, as reflected by disruption of the IEL, was
observed. In contrast, Kwak et al (12) demonstrated an intact hilar renal arterial IEL in
rabbit kidneys 4 weeks after embolization with chitosan microspheres. We propose that
differences in embolization completeness are primarily responsible for these disparate
findings. That is, the total occlusion of the kidney obtained by Kwak et al (12) limited or
prohibited renal blood flow, which prevented inflammatory cell ingress and ultimately
blunted any resulting vascular injury. Support for this hypothesis is illustrated by findings in
a study using BRMS to obtain complete occlusion of the kidney, in which no inflammation
was identified on days 6 or 7 and vessels demonstrated an intact IEL (10). In addition,
BRMS are calibrated and traditionally have a better inflammatory profile despite IEL
disruption than gelatin sponge (17).

Compared with nonresorbable microspheres, BRMS are bioresorbable, while still achieving
a similar level of occlusion (15). Owing to their resorbability, it is reasonable to anticipate
that the inflammation associated with BRMS is inherently self-limiting. That is, progressive
degradation and eventual complete removal of the foreign material, in conjunction with
restoration of blood flow (both of which are illustrated in our work), will ameliorate the
inflammation. In contrast, nonresorbable microspheres are permanent, and the foreign body
reaction is present for their in vivo lifetime (18).

Progressive fibraosis, which increased from day 3 to day 30, was another major finding in this
study. A similar finding was described in a study (13) in which gelatin microsphere
embolization of the rabbit kidney resulted in progressive fibrosis from day 3 to day 14.
Lastly, destruction of the IEL has previously been reported with gelatin sponge and
nonresorbable microspheres (11,14), indicating this reaction is not unusual for arterial
embolization with existing commercially available embolic materials.

As part of the embolization process, thrombosis and progressive recanalization were
identified. The rate of thrombus organization is related in part to the magnitude of the
inflammation induced by the embolic agent (ie, the more severe the inflammation, the more
rapid the thrombus organization) (19). If the rate of thrombolysis exceeds the rate of
organization, vessel recanalization occurs. In the present study, the organization of thrombi
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and formation of new capillaries (recanalization) were first identified on day 7, although the
partial reperfusion of the vessels that received embolization was observed early on day 3
angiographically. The formation of capillaries was observed more frequently at later time
points, which is consistent with angiography. BRMS achieved vessel recanalization sooner
than degradable hydroxyethyl acrylated microspheres (20) but more slowly than water-
soluble polyvinyl alcohol microspheres (21). In addition, polyethylene glycol hydrogel
microspheres with a resorption time shorter than BRMS were shown to reach a total
recanalization at day 7 based on angiography (5,22). The ideal occlusion time is unknown
and may depend on the indication and location of the target vessel or organ.

This study has some limitations. First, only two sections per block (anterior, middle, and
posterior) were examined. In some cases, the area of impaction of the microspheres may
have not been included in the section. Second, histologic sectioning may underestimate the
size of microspheres, which may affect the degradation score. Third, the method used to
estimate the infarction volume based on area and thickness measurement may bring
subjectivity to this study. Fourth, the determination of recanalization rate was based on
angiography, which can bring subjectivity to the results because of the difficulty in visually
identifying distal small arteries on angiograms.

In conclusion, this renal embolization study demonstrated that BRMS are resorbable with
mild tissue reaction and that vessel recanalization and restoration occurred after the
resorption of BRMS. Future studies are needed to evaluate the resorption of BRMS in the
liver model of larger animals and the effect of drug loading on the resorption.
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Figure 1.
Microscopic image of 300-500 um BRMS.
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Figure 2.
Example of renal artery recanalization after embolization with BRMS. (a) Angiogram

obtained before embolization. Renal arteries (arrow) are opacified. (b) Angiogram obtained
immediately after embolization. Embolization of the arterial branch (arrow) into the lower
pole of the kidney was performed. (c) Angiogram obtained on day 10. Right renal
angiogram shows reperfusion of the arteries that received embolization (arrows).
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Figure 3.
Progressive intra-arterial microsphere resorption. (a) Day 0. Photomicrograph demonstrates

a single BRMS (star) within the arterial lumen with no evidence of degradation (score 0). (b)
Day 3. Photomicrograph demonstrates several intra-arterial BRMSs (arrows) with moderate
size reduction (score 1). (c) Day 7. Photomicrograph illustrates BRMS (arrow) in the artery
with clearly evident size reduction (score 2) accompanied by cell infiltration. (d) Day 10.
Photomicrograph demonstrates only a single remnant fragment of BRMS (arrow) in the
artery (score 3). (e) Day 14. Photomicrograph shows remnants of BRMS (arrow) within an
artery (score 3). (f) Day 21. Photomicrograph shows recanalized vessels with thickened
media (stars). (Available in color online at www.jvir.org.)
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Figure 4.
Renal pathology after BRMS embolization. (a) Photomicrograph demonstrates mild

neointimal hyperplasia (arrows) at day 7 (elastin staining). (b) Photomicrograph
demonstrates evidence of intra-arterial recanalization with new vascular channels (stars)
formed on day 21 (elastin staining). (c) Photomicrograph illustrates mild to moderate
interstitial fibrosis (arrows) on day 7 (Masson trichrome staining). (d) Photomicrograph
demonstrates marked interstitial fibrosis (stars) adjacent to the recanalized vessel on day 21
(Masson trichrome staining). (Available in color online at www.jvir.org.)
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Day Microsphere Resorption Score (Average + SD)

0
3
7
10
14
21
30

0
1.07+0.06
2.21+0.22
3.25+0.33
3.28+0.32
3.67+£0.29
3.67+0.29

Scores of Microsphere Resorption and Vascular Inflammation

Vascular Inflammation Score (Average + SD)

0
0.89 £0.53
1.17+0.47
1.22+0.33
0.33+0.35
0.33+0.25
0.33+£0.25
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