
Vol.:(0123456789)1 3

Biomedical Materials & Devices (2024) 2:461–473 
https://doi.org/10.1007/s44174-023-00108-6

ORIGINAL ARTICLE

Proof‑of‑Concept Study Evaluating the Performance and Physiologic 
Response of the FloStent Prostatic Stent in a Healthy Canine Model

Adam Kadlec1 · Anand Doraiswamy1  · Mike Bravo2 · Haydee Jacobs2 · Tim Hacker3 · Dean Elterman4

Received: 27 May 2023 / Accepted: 20 June 2023 / Published online: 6 July 2023 
© The Author(s) 2023

Abstract
The purpose of this study was to evaluate the deliverability, tolerability, and retrievability of a novel prostatic stent (the 
FloStent System™) in a healthy canine model. This was a non-randomized, as-treated study. Implantations were performed 
using a novel fluoroscopic technique. Animals were followed up to 30 days. No stent migration occurred; the stent was well 
tolerated; retrieval procedures were successful. Gross pathology and histopathological findings were consistent with minimal 
trauma caused by the implant procedures. The FloStent prostatic implant was demonstrated adequate functionality and safety 
in this healthy animal model, which supports plans for future use in human studies.
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Introduction

Benign prostatic hyperplasia (BPH) is a urologic condition 
characterized by a progressive increase in prostate size and 
is a leading health problem for older men [1, 2]. It has been 
estimated that 50% of men aged 51–60 years and 90% of 
those over 80 years have evidence of prostatic enlargement 
[2, 3]. Though not life-threatening, BPH causes bothersome 
urinary symptoms, including urgency, frequency, and noc-
turia, which affect patient’s quality of life (QoL) [2, 4, 5]. 
Additionally, it has been found that healthcare costs attrib-
uted to BPH are among the top 10 most prominent and costly 
diseases in men older than 50 years [6].

For men with moderate-to-severe BPH symptoms who 
require surgery, transurethral resection of the prostate 
(TURP) is generally considered the gold standard; however, 
between 10% and 15% of these patients are deemed unfit 

for this procedure, and market trends suggest that a growing 
number of men are opting for minimally invasive treatment 
options [2, 4, 7, 8]. Prostatic stents were initially developed 
in the 1990s to be such an option and early research dem-
onstrated that they could be easily inserted into the urethra. 
Initial versions of this type of device were designed to be 
implanted permanently and were shown to be associated 
with certain complications, such as recurrent infection, 
recurrent obstruction, urethral stricture, and stent migration 
[9–13]. Stent removal was often difficult to perform with 
earlier stent designs, which led to even further complica-
tions [7, 14, 15].

To overcome some of the problems associated with the 
permanent prostatic stents, modern implant designs now 
include stents that can be retrieved if necessary [2, 7, 12, 14, 
16]. Retrievable nitinol stents have shown promising results 
in animal models and human trials across different indi-
cations [2, 7, 17–20]. The FloStent System™ (Rivermark 
Medical, Milwaukee, WI) is a novel nitinol stent implantable 
with standard flexible cystoscopes, and was developed as a 
potential first-line device therapy for BPH. The implant is 
placed into position during routine flexible cystoscopy with 
minimal patient recovery time and no need for a urethral 
catheter. The stent gently holds the prostatic urethra open 
to restore normal urinary function, preserve sexual func-
tion, and improve patient’s quality of life. If desired, the 
device can be easily retrieved or repositioned after initial 
implantation. The purpose of this study was to evaluate the 
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performance and physiologic response of the FloStent Sys-
tem in a healthy canine model.

Methods

Study Design

This was a non-randomized, as-treated study that enrolled 
six healthy, intact male canines. The weight of the animals 
ranged from 30.1 to 35.3 kg; age was appropriate to weight. 
The test article (Fig. 1) was provided steam sterilized by the 
device manufacturer prior to the procedures.

The study protocol was approved by the University of 
Wisconsin–Madison Institutional Animal Care and Use 
Committee (IACUC #IS00006527).

Study Procedures

Prior to enrollment, each animal was assessed by a facil-
ity veterinarian via physical exam to determine suitability 
for study entry. Four to five days prior to their scheduled 
procedure, a pre-surgical exam was performed, and the 
animals were weighed. Daily observations were performed 
beginning on the day of arrival and continuing throughout 
the in-life period. Animals were fasted 12–24 h prior to 
any anesthetized procedures. The animals were weighed 

again within 72 h of the procedure and within 24 h prior 
to termination. Anesthesia was induced and maintained 
according to test facility procedures, and the animals were 
intubated and maintained on inhalant isoflurane for contin-
ued general anesthesia. An appropriately sized intravenous 
catheter was placed for supportive fluid administration via 
constant rate infusion, and the prepuce and groin region 
of the animals were clipped free of hair. The animals were 
then transferred to the procedure room, placed in a dor-
sal recumbent position, secured, and attached to a patient 
monitor and ventilator.

The following procedures were performed for each ani-
mal enrolled in the study, unless otherwise described:

• Spot radiograph
• Pre-implantation retrograde urethrogram (RUG) using 

11-Fr tapered dilator
• Advancement of guidewire through 11-Fr tapered dila-

tor; gentle dilation of distal (penile) urethra to 14-Fr over 
guidewire

• Removal of guidewire
• Backloading of implant into 8-Fr guide catheter using 

standard cystoscopic grasping forceps
• Fluoroscopy-guided advancement of guide catheter, 

loaded with implant, through the penile urethra, prostatic 
urethra, and into the urinary bladder

Fig. 1  Flostent prostatic implant 
and delivery system
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• Advancement of implant past tip of guide catheter, main-
taining connection with grasping forceps

• Withdrawal of guide catheter, implant, and grasping for-
ceps, such that the implant was positioned in the prostatic 
urethra

• Release of implant (opening flexible forceps)
• Withdrawal of guide catheter and flexible forceps
• Post-implantation RUG to confirm proper implant posi-

tion and patency
• Passage of Foley catheter through implant and into uri-

nary bladder
• Removal of Foley catheter through implant and into uri-

nary bladder
• Radiograph confirming final implant position prior to 

procedure end.

All successfully implanted animals were recovered 
according to appropriate test facility standard operating 
procedures and policies. They were transferred to a recov-
ery area and monitored until they recovered from anesthe-
sia, the endotracheal tube was removed, and the animal was 
stable. Once recovered, the animals were fed a portion of 
their regular diet ration, with regular feeding occurring the 
subsequent day.

Follow‑Up

Cystoscopic and RUG assessments of the prostatic urethra 
were completed following deployment and retrieval of the 
implant. Imaging (both spot radiograph and live fluoroscopy, 
as needed) was performed immediately post-procedure and 
prior to termination. This methodology is similar to that 
used in prior prostatic stent studies in the canine model [7, 
20].

Daily animal observations were performed by trained ani-
mal care staff per appropriate Biomedical Research Model 
Services Standard Operating Procedures and documented in 
the animal records. Abnormalities and adverse events (AEs) 
were documented, and an assessment, plan, and treatment 
were outlined by a testing facility veterinarian. Individual 
progress or regression of such instances was followed daily 
by a testing facility veterinarian. In-life animal activities 
included monitoring for evidence of urination. An AE was a 
description of any untoward occurrence affecting the health 
or well-being of an animal during the study. All reported 
AEs were adjudicated by the study director who was respon-
sible for the final assessment of the seriousness of the event 
and its potential relationship to the procedure, device, or 
animal model.

Blood was collected via venipuncture at baseline and 
prior to euthanasia. Blood was prepared for complete blood 
count (CBC) with differential and serum chemistry panel.

All animals were humanely euthanized following the 
final follow-up imaging on their scheduled termination 
dates (24 ± 6 h, 7 ± 2 days, and 30 ± 3 days). After euthana-
sia, gross necropsies were conducted. The urethra and blad-
der were assessed in situ, harvested for gross examination, 
then fixed in formalin and sent for histologic processing. A 
detailed gross examination was performed of the abdomi-
nal cavity to evaluate for any damage or changes due to the 
treatment. Details on the assessment of gross necropsy and 
histopathology are provided in Appendix 1.

Statistical Analysis

The study objectives were evaluated qualitatively and, where 
appropriate, summarized using descriptive statistics. No for-
mal statistical analysis was planned for this study.

Results

Stent Implantation and Removal

Endoscopic stent delivery was not successful in one animal 
due to anatomical constraints, namely the urethral caliber 
was too small to accommodate a standard flexible cysto-
scope, prompting early termination prior to test article expo-
sure. This single animal was then exited from the study. The 
remaining five animals were successfully implanted using a 
fluoroscopic technique (Fig. 2). Pre- and post-implant RUG 
imaging confirmed post-implant prostatic urethral patency 
in all successfully implanted animals (Table 1).

All successfully implanted animals recovered normally 
from anesthesia and survived to their respective termina-
tion time points at 24 ± 6 h (one animal), 7 ± 2 days (two 
animals), or 30 ± 3 days (2 animals). Of the 30-day survival 
animals, implant removal was not performed in one animal 
in order to allow for in situ gross and histological analysis; 
therefore, four successful retrieval procedures were per-
formed in this study. Pre-retrieval endoscopic evaluation of 
the implant was performed in these four cases, each time 
using a human ureteroscope.

Clinical Observations and Post‑procedure Care

Overall, findings that resulted in a Subjective, Objective, 
Assessment, Plan were minimal in nature and not attribut-
able to the test article. One animal presented with possible 
minimal urinary incontinence post-implant within the first 
24 h following implantation, though, as this animal was 
allocated to the 24-h survival group, it was terminated 
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before the condition had resolved; however, it was felt 
that the condition itself was unlikely to be pathologic. 
Additionally, both 30-day survival animals exhibited an 
increase in or maintenance of body weight at termination.

Pre‑terminal Procedure

Of the five successfully implanted animals, all underwent 
pre-terminal imaging prior to euthanasia (Fig. 3). A sum-
mary of the pre-terminal procedure outcomes is presented 
in Table 2. No stent migration occurred in these animals 
and implant retrieval procedures were uneventful, though 

additional force or gentle pressure was required in two 
cases.

Clinical Pathology

CBC and serum chemistry were all within normal ranges 
at baseline and pre-termination.

Gross Necropsy

A summary of findings from the necropsy examination are 
found in Table 3. All implants were located in the prostatic 
urethra of the animal at the end of their respective survival 

Fig. 2  Representative fluoroscopic images of deployment procedure a Implant loaded in delivery catheter positioned within bladder. b Implant 
partially deployed in bladder. c Implant immediately post-deployment with grasper. d Post-deployment implant positioning
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durations, with one animal having minimal extension into 
the bladder.

Histology

The composite scores of the histology findings for each ani-
mal are presented in Table 4. Denudement (ulceration) of the 
urethral epithelium was observed in the 24-h animal, 1 of 
2 (50%) 7-day animals, and 2 of 2 (100%) 30-day animals. 
When present, the epithelial denudement was in segmental 
areas. Submucosal hemorrhage was observed in variable 
severity in all animals, consistent with mild mucosal trauma 
shortly before euthanasia.

Histological changes within the prostatic parenchyma 
were observed in 4 of 5 (80%) animals and consisted of 
glandular dilation (two 7-day and two 30-day animals), 
glandular atrophy (one 7-day animal and two 30-day ani-
mals), mononuclear inflammatory infiltrates (one 7-day 
animal and two 30-day), lymphofollicular aggregates (one 
7-day animal and two 30-day animals), and inflammatory 
casts within glandular lumina (one 7-day and two 30-day 
animals). The glandular atrophy was associated with the 
chronic mononuclear (lymphocytes, macrophages, and 
plasma cells) inflammation and lymphofollicular aggre-
gates. The inflammatory casts were composed of mixed 
inflammatory cells (neutrophils, lymphocytes, and mac-
rophages), as well as degenerate/necrotic cells, which 
could have been epithelial or inflammatory cell origin. A 

Fig. 3  Representative pre-terminal retrograde urethrogram images by timepoint a 24 ± 6 hours. b 7 ± 2 days (post-device retrieval). c 30 ± 3 days
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cross-sectional comparison of the untreated versus treated 
urethra is presented in Fig. 4.

Discussion

The purpose of this study was to evaluate the perfor-
mance and physiologic response of the FloStent System 
in a healthy canine model. The study successfully met 
its stated objectives, which were stent delivery and stent 
retrieval using standard urological equipment and a chan-
nel similar in size to the working channels of common 
flexible cystoscopes (approximately 2.2–2.4 mm). The 
study also met the stated objective of assessing implant 
tolerability, which appeared adequate given the absence 
of abnormal voiding behavior in all animals.

Pre- and post-implant RUG imaging confirmed post-
implant prostatic urethral patency in all implanted ani-
mals. Pre-retrieval endoscopic examination revealed 
that all implants were intact, remained in position where 
they were initially placed, and were patent without gross 
encrustation.

Such findings highlight the potential benefits of the FloS-
tent device relative to earlier generation prostatic stents, in 
terms of reducing complication rates and the difficulty of 
implant removal [2, 7, 9, 13, 15, 20, 21]. The current animal 
study demonstrated no stent migration, which is one of the 
more common complications following prostatic stent place-
ment [20, 22]. The FloStent was safely removed from all 
successfully implanted animals at the end of their respective 
survival periods, which was demonstrated up to 30 days in 
two animals. It has been proposed that stent-related com-
plications generally resolve after stent removal [2, 23]. It 
is also notable that urethral catheter passage was success-
fully performed in all animals and did not compromise the 
integrity or position of the implant. If future trials in humans 
demonstrate similar results, the FloStent can be shown to 
be a viable option for the broader BPH population [2, 24].

Pathology and gross necropsy findings were consistent 
with expected transient inflammatory infiltrate seen dur-
ing wound healing. The identified histologic features of 
mucosal denudement accompanied by submucosal fibrin, 
edema, hemorrhage, and congestion were consistent with 
mild trauma to the mucosal surface shortly before euthana-
sia. In total, histopathology did not reveal any unexpected 
findings as the prostatic tissue response to the stent seen 
in this investigation was consistent with what has been 
observed in earlier studies [2, 7, 20]. These observations 
do not elicit any safety concerns with FloStent implanta-
tion or removal. Additionally, the current study did not 
show the same histologic changes demonstrated with 
the long-term use of the Urolume stent, specifically, no 
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prominent plasma cells, no polypoid hyperplasia, and no 
keratinizing squamous metaplasia [25].

Previously conducted studies have yielded similar find-
ings, demonstrating the safety and feasibility of implanting 
a retrievable nitinol stent in a canine model [2, 7, 20]. In a 
study on 13 healthy canines, Yoon et al. (2006) found that 
the stent-induced urethral dilation and prostatic glandular 
atrophy persisted up to eight weeks after implant removal 
[7]. Crisostomo et al. conducted a study on 8 healthy bea-
gles, which found marked enlargement of the prostatic 
urethral lumen and no impairment of urinary flow during 
a two-month follow-up. Additionally, the investigators of 
this study also had difficulty deploying the stent in one 
case as the urethral lumen of this animal was too narrow, 
further highlighting the difference and added difficulty of 
stent placement in canines versus humans [2]. In the study 
by Yoon et al. (2010), BPH was induced in eight beagles 
who were then implanted with a retrievable, barbed stent, 
which demonstrated increased prostatic urethra diameters 
immediately after and eight weeks after stent removal, 
in addition to extensive prostatic glandular atrophy [20]. 
These studies also all showed that stent retrieval can suc-
cessfully be performed in the majority of cases [2, 7, 20]. 
Though human trials with the FloStent are required, the 
feasibility, safety, and efficacy of similar devices have been 
demonstrated in recent studies on men with BPH, with 
continued improvement in patient outcomes seen up to 
three years [16, 26–29]. Such findings show the promise 
and potential place in BPH therapy of these minimally 
invasive implants.

A limitation of the current study is that the FloStent 
was used in a healthy animal model, in relatively young 
dogs without clinical BPH; therefore, further evaluation is 

required to determine if its effects are consistent in men with 
BPH. In addition, the histological characteristics of a canine 
is different than those of a human, adding uncertainty as to 
whether or not the histologic response seen in this study 
will be the same in humans [20, 30]. There was also no con-
trol or comparator group, and the FloStent will eventually 
need to be compared to either a sham control or other BPH 
interventions currently used in practice. When this implant 
is evaluated in human trials, investigators will also need to 
measure patient-reported outcomes, quality of life, and other 
outcomes that cannot be reliably measured in animals (e.g., 
sexual function and foreign body sensation) [7]. Lastly, stud-
ies with greater follow-up periods are needed to ensure that 
the efficacy and safety of this device are sustained for long 
term.

Conclusion

The FloStent System performed well in a healthy canine 
model, demonstrating consistent deliverability, tolerabil-
ity, and retrievability. A novel fluoroscopic technique was 
employed; results suggest that implantation via the working 
channel of a flexible cystoscope may be feasible in humans. 
No clinically significant AEs, abnormal clinical observa-
tions, or clinical pathology results attributable to the test 
article were encountered. Gross pathology and histopatho-
logical findings were consistent with minimal trauma caused 
by the implant procedures.

Table 3  Gross necropsy findings

Animal ID Treatment sites—urethra/bladder Non-target organs/tissues

Gross description of implant location Prosector notes Prosector notes

243303 (24 ± 6 h) Prostatic urethra with minimal exten-
sion into bladder

Slight reddening of the mucosal surface 
of the bladder in focal areas, consist-
ent with mechanical manipulations 
via guidewire, dilator, and catheters. 
No apparent injury or bleeding on the 
peritoneal surface of the bladder or 
urethra

No apparent injury to abdominal/pelvic 
cavity

242064 (7 ± 2 days) Prostatic urethra No gross abnormalities, no evidence of 
injury or tissue disruption

No gross abnormalities, no evidence of 
bleeding or free fluid

242684 (7 ± 2 days) Prostatic urethra No gross abnormalities, no evidence of 
perforation or injury

No gross abnormalities, no free fluid or 
extravesical bleeding

242030 (30 ± 3 days) Prostatic urethra Widely patent by direct visualization. 
Implant left in situ for fixation of 
entire prostate with implant in place

No comment provided

242056 (30 ± 3 days) Prostatic urethra Small piece of tissue sent with the stent 
for histological analysis

No comment provided
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Appendix 1

Gross Necropsy

A targeted gross necropsy was performed by the study direc-
tor or trained test facility staff. The abdominal cavity was 
opened, and the bladder and urethra were assessed and pho-
tographed in situ. The bladder neck, prostatic urethra con-
taining the treatment site, including a portion of untreated 
distal urethra (~ 5–10 cm, as possible) was excised and 
immersed in 10% neutral buffered formalin. After adequate 
fixation (≥ 24 h), the urethral treatment site was cut in the 
transverse plane in three equidistant sites and photographed 
on the cut surface(s). Regardless of the presence of gross 
lesions, a representative sample of the urethra was taken 
distal and proximal to the region of the treatment, where 
possible.

Histopathology

Histopathology was assessed by a Board-Certified veterinary 
pathologist. A minimum of three samples were trimmed 
from each treatment site. In addition, a sample immediately 
proximal and immediately distal to the treatment site was 
taken. Each sampling site was placed into an appropriately 
sized cassette. Representative samples of any gross lesions 
harvested at necropsy were placed in an appropriately sized 
cassette. All tissues were processed by routine methods into 
paraffin, and the resulting blocks were cut at approximately 
5-micron thickness. All sampling sites were stained with 
hematoxylin and eosin (H&E). A grading scheme was used 
to evaluate histological findings according to the table below.

Grading Scheme for Histological Findings

Grade Definition

0 The lesion/feature not present
1 The lesion/feature is present in ≤ 5% of the area of interest. 

The grade is equivalent to 'minimal'
2 The lesion/feature is present in 5–25% of the area of interest. 

The grade is equivalent to 'mild'
3 The lesion/feature is present in 25–50% of the area of inter-

est. The grade is equivalent to 'moderate'
4 The lesion/feature is present in 50–75% of the area of inter-

est. The grade is equivalent to 'moderate to severe'
5 The lesion/feature is present in > 75% of the area of interest. 

The grade is equivalent to 'marked'

Microscopic Evaluation

All histological slides were then evaluated by light micros-
copy by the study pathologist according to the following:

• Abnormal tissues—Alterations to normal architecture 
were described in narrative form. The severity and dis-
tribution of each lesion, as well as the likely etiology, if 
able to be determined, were described.

• Urethra/bladder—The histopathology assessment docu-
mented changes to normal tissue architecture with a goal 
of documenting the histological features of the treatment 
sites, as well as the distribution of those features. Lesion 
characteristics assessment included, but were not lim-
ited to, necrosis, hemorrhage, edema, thrombosis/fibrin, 
fibrosis, and mineralization. Representative low (20 ×) 
and high (40 ×) magnification images stained with H&E 
were captured and included in the pathology report. Sem-

Fig. 4  Side-by-side cross-
sectional image of the untreated 
versus treated urethra
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iquantitative methods were employed to summarize these 
parameters and other common lesion features, as out-
lined by the study pathologist. Additional features were 
documented in narrative form. The proximal and distal 
urethral samples were assessed for the same characteris-
tics as the lesion sites. Semiquantitative grading methods 
employed in the histopathology assessment were defined 
in the pathology report.

Data Availability Owing to propriety nature, supporting data cannot 
be made available openly.
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