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Abstract

PURPOSE—Portal vein embolization (PVE) is an established neoadjuvant method to induce 

future liver remnant hypertrophy prior to surgical resection of hepatic tumors. The purpose of our 

study was to examine the feasibility of PVE with glass 90Y microspheres (Y90 PVE) in Sprague-

Dawley rats. We tested the hypothesis that increased doses of Y90 PVE would increase target lobe 

fibrosis and atrophy.

METHODS—Twenty-two rats were assigned to four groups for Y90 PVE to the right median 

lobe: very high- (273.8MBq; n=2), high- (99.9MBq; n=10), medium- (48.1MBq; n=5), and low-

dose (14.8MBq; n=5). An untreated control group included seven rats. 90Y PET/CT of 90Y 

distributions confirmed lobar targeting. MRI volumes were measured at baseline, 2-, 4-, 8- and 12-

weeks. Explanted hepatic lobes were weighed, sectioned, and stained for H&E and 

immunohistochemistry. Digitized slides allowed quantitative measurements of fibrosis (20 foci/

slide).
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RESULTS—Ex vivo measurements confirmed 91–97% activity was localized to the target lobe 

(n=4). The percent growth of the target lobe relative to baseline was −5.0% (95% CI: −17.0–6.9%) 

for high-, medium dose rats compared to +18.6% (95% CI: +7.6–29.7%) in the low-dose group at 

12-weeks (p=0.0043). Radiation fibrosis increased in a dose-dependent fashion. Fibrotic area/

microsphere was 22,893.5, 14,946.2±2,253.3, 15,304.5±4,716.6, and 5,268.8±2,297.2μm2 for very 

high- (n=1), high- (n=4), medium- (n=3), and low-dose groups (n=5), respectively.

CONCLUSION—Y90 PVE was feasible in the rat model, resulted in target lobe atrophy, and 

dose-dependent increases in hepatic fibrosis at 12 weeks. The onset of imaging-based volumetric 

changes was 8–12 weeks.

Keywords

portal vein embolization; hepatic radioembolization; magnetic resonance imaging; fibrosis; 
yttrium-90; dosing

INTRODUCTION

Portal vein embolization (PVE) is the current standard neoadjuvant approach to hypertrophy 

the future liver remnant (FLR) prior to surgical resection for primary and secondary hepatic 

malignancies [1–3]. The ideal embolic agent for PVE is unknown: particles, coils/plugs, 

and/or liquid embolic agents are all implemented. Up to 30% of patients do no convert to 

surgical resection, either because of insufficient FLR hypertrophy or due to tumor 

progression [4,5]. Therefore, new strategies are needed PVE for improved rates of FLR 

hypertrophy and antitumor activity. Some have advocated sequential transarterial 

chemoembolization followed by PVE (TACE+PVE) in effort to mitigate tumor progression 

prior to surgery in hepatocellular carcinoma (HCC) patients [6,7]. Even with this 

combination, progressive disease occurs in more than half of HCC patients and up to 28% 

do no convert to surgical resection [8].

Transarterial infusion of yttrium-90 microspheres (Y90), termed radiation lobectomy, is an 

alternative approach best described in HCC [9–11]. The use of PVE in patients with HCC 

and underlying cirrhosis/portal hypertension is controversial [12]; there is risk of worsening 

portal hypertension and/or promoting portal vein thrombosis as these are contraindications 

to PVE [13]. Radiation lobectomy has antitumor activity and also produces the desired 

atrophy-hypertrophy complex to facilitate resection. This approach may offer single-session 

treatment compared to TACE+PVE. A criticism of radiation lobectomy is delayed FLR 

hypertrophy in comparison to PVE [14]. Some favor this “test of time” prior to resection but 

more consistent methods for efficiently inducing FLR hypertrophy are needed.

We propose a new method of PVE with yttrium-90 microspheres (Y90 PVE) administered 

via the portal vein. The purpose of this study was to examine the feasibility of Y90 PVE. We 

hypothesized that target lobe fibrosis and atrophy would depend on the dose of 90Y to the 

irradiated lobe.
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MATERIALS AND METHODS

Study Design

Our institutional animal care and use committee approved this study, and all procedures 

were performed in accordance with ARRIVE guidelines. The use of glass 90Y microspheres 

for research was approved and overseen by the Radiation Safety Officer of the university. A 

total of 32 male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA) 

weighing 450–500g were used for this study (Supplemental Figure 1). Twenty-two were 

treated with Y90 PVE. Each animal was assigned to one of four groups based on the planned 
90Y activity at infusion: very high- (273.8MBq; n=2), high- (99.9MBq; n=10), medium- 

(48.1MBq; n=5), and low-dose (14.8MBq; n=5). All procedures were performed with the 

intent of survival. Baseline and longitudinal MRI scans in survived rats provided anatomical 

assessments of hepatic volume changes. Liver specimens were harvested, weighed, and 

processed for histopathology and immunohistochemistry. An additional control group (n=7) 

included paired untreated rats ordered at the same time (similar weight and age), treated in 

the same environmental conditions, and terminated at the same 12-week study endpoint as 

Y90 PVE animals for hepatic lobar weight fractions, histopathology, and 

immunohistochemistry.

MR Imaging Protocols and Volumetry

T1-weighted and T2-weighted respiratory-gated imaging of the liver was accomplished at 

baseline, 2, 4, 8, and 12 weeks using a 7T 16-cm bore Bruker ClinScan MRI scanner 

(Bruker Biospin MRI GmbH, Ettlingen, Germany). Volumetric analyses included the total 

liver volume (TLV) and right median lobe (RML) volume in cm3. On T2w images, the liver 

was manually contoured in the transverse view using hepatic and portal veins as anatomical 

landmarks. The hepatic veins were used to define four distinct hepatic lobes (right/left 

median, left lateral, right lateral, caudate). Volumetric analyses included the total liver 

volume (TLV) and right median lobe (RML) volume in cm3. The RLL portal vein defined 

the inferior extent of the RML. The right portal and right hepatic veins defined the medial 

border with the lateral and superior borders defined by the liver capsule. The RML percent 

ratio was expressed as a percentage of the total liver volume and percent change in RML 

volume after Y90 PVE at n-weeks {n = 0, 2, 4, 8, 12} were defined as:

RML % ratio = 100% × RML / TLV

% RML growth = 100% × [RMLn weeks − RMLBaseline] / RMLBaseline

Additional details and pulse sequence parameters appear in the Supplemental Methods.

Portography and 90Y Radioembolization

The abdomen was shaved and sterilely prepped with betadine scrub. A midline laparotomy 

was performed with externalization of the small bowel and an ileocolic venotomy was made 

with a 24½G angiocatheter (SURFLASH, Terumo Medical Co, Somerset, NJ). A 
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hydrophilic 0.018”, 80cm, angled Glidewire (Terumo Medical Co, Somerset, NJ) was passed 

through the angiocatheter under fluoroscopic guidance (OEC 9800 Plus mobile C-arm and 

vascular platform workstation, GE Medical Systems) to select the right portal vein, distal/

central to the caudate portal veins in each case as variants in lobar portal venous supply in 

rats have been previously described [15]. The angiocatheter was exchanged for a 2Fr, 50cm 

JB1 angiocatheter (Cook Inc., Bloomington, Ind.) under fluoroscopic visualization and 

digital subtraction angiography (DSA) confirmed catheterization of the RML (Figure 1). 

Y90 PVE was performed by infusing 20–30μm glass 90Y microspheres (TheraSphere®, 

BTG) in 6–8cc of sterile 0.9% saline over 1–2 minutes. Dose vials calibrated for 1GBq (9mg 

microspheres) were used in each animal and treatments occurred on days 5 (273.8MBq), 9 

(99.9MBq), 12 (48.1MBq), and 16 (14.8MBq) post-calibration. Additional procedure details 

appear in the Supplemental Methods.

90Y Dosimetry

After Y90 PVE, the delivered dose in Gy was calculated according to the Medical Internal 

Radiation Dose (MIRD) model using a calibrated Geiger-Mueller survey meter (Ludlum 

model 3, pancake probe model 44–9, Ludlum Measurements, Inc., Sweetwater, TX). 

Additional dosimetry details appear in the Supplemental Methods.

Ionization Chamber Measurements

The rats successfully infused that did not survive the procedure (n=4) were used to 

investigate biodistribution and validate 90Y PET/CT imaging protocols via explanted tissues 

to measure the activity in the lungs and each hepatic lobe. The calibration number setting 

was based on a National Institute of Standards and Technology (NIST) report [16] and 

linearity was validated (R2 = 0.999) with 30 measurements from ten dose vials containing 

glass 90Y microspheres of known activities (standard error = 2.75 MBq) Supplemental 

Figure 2. Additional details appear in the Supplemental Methods.

90Y PET/CT

A small animal PET/CT system (nanoScan, Mediso Medical Imaging Systems, Budapest, 

Hungary) was used for imaging 90Y internal pair-production that allowed visualization of 

activity biodistributions and confirmation of RML targeting. A two-hour 90Y PET imaging 

acquisition was completed ex vivo (n=4) and then in vivo (n=9) in survived rats. PET images 

were generated using Tera-Tomo 3D (1–5 detector coincidence) iterative ordered subset 

expectation maximization reconstruction on the 86Y radionuclide setting with attenuation 

and scatter correction (4 iterations, 4 subsets, 212×212 matrix, 0.4mm slice thickness, 400–

600keV energies). Dose vials (n=18) scanned at known activities were used to verify 

linearity and calibrate the scanner for the above protocol Supplemental Figure 3.

Necropsy & Histopathology

After completion of MR imaging at the 12-week study endpoint, all animals were 

euthanized and livers explanted. The right and left median lobes were separated along the 

median fissure and falciform ligament. Each hepatic lobe was weighed and specimens were 

embedded in a cryomold with O.C.T. compound (Sakura Finetek, Torrance, CA) and stored 
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at −80°C. The weight fraction for each lobe was calculated by normalizing the lobar weight 

by the total liver weight. Samples were sectioned en face with a slice thickness of 5μm. 

Consecutive slices were stained with hematoxylin and eosin (H&E) and Masson’s trichrome 

for type IV collagen in fibrosis. The fibrotic area within each portal triad was manually 

contoured by analyzing 20 portal triads per slide (NanoZoomer, Hamamatsu Photonics).

Immunofluorescence

Sections of irradiated and non-irradiated liver were stained for immunofluorescence (IF) of 

hepatocyte proliferation with rabbit monoclonal anti-Ki67 (Abcam Inc., Cambridge, MA, 

USA), microvesseled density with rabbit anti-CD34 (Abnova, Atlanta, GA, USA), and 

stellate cell activation (α-SMA) was performed with mouse monoclonal anti-α-smooth 

muscle actin (DAKO Corp., Carpinteria, CA, USA). Digitized images were analyzed with 

ImageJ software (version 1.37, National Institutes of Health, Bethesda, MD). Additional IF 

details are included in the Supplemental Methods.

Statistical Analysis

All data were analyzed with the statistical package STATA (StataCorp, College Station, 

Texas). Data are reported as means ± standard deviation (SD) or medians with 95% 

confidence intervals (CI). Comparisons for two groups are evaluated by t test (normal 

distribution, means) and by Mann-Whitney U test (skewed distribution, medians). For three 

or more groups, analysis of variance (ANOVA) was used with Bonferonni correction. The 

medium to very high dose groups were combined and compared to the low dose group for 

liver volumetry changes as the low dose group represented the current clinical paradigm of 

120 Gy liver dosing while the remaining groups represented varying degrees of escalated 

dosing. Analyses were considered statistically significant at P-values less than 0.05.

RESULTS

Y90 PVE

Three cases were attempted but aborted prior to radioembolization due to lengthy procedures 

or extravasation of contrast that would limit animal survival. Technically successful Y90 

PVE was accomplished in 22 rats. 90Y PET/CT was used to confirm delivery and four rats 

were excluded due to poor uptake in the target lobe and/or non-target delivery. The open 

laparotomy approach resulted in four immediate deaths after the procedure. Of the 18 rats 

that survived the Y90 PVE, 17/18 (94.4%) survived to the 12-week endpoint with one early 

death at four-week MRI. The mean fluoroscopy time (SD) was 2.8±1.7 min. Y90 dosing 

based on baseline MRI in the respective groups was: very high- (4621.7 Gy; n=1), high- 

(1406.0 ± 440.2 Gy; n=3), medium- (808.2 ± 82.5 Gy; n=2), and low-dose (156.8 ± 58.3 Gy; 

n=5).

90Y PET/CT Dosimetry and Biodistribution

The mean calibrated vial activity was 0.93±0.17GBq. Median residual vial activity was 

27.1%. Administered activity for each group is shown in Table 1. 90Y PET/CT confirmed 

uptake in the target lobe in 9/13 cases (Figure 1) with poor uptake in the remaining cases 
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(Supplemental Figure 4). The relative percent activity in the lungs and each hepatic lobe in 

the four rats that did not survive the procedure are shown in Table 2.

MR Imaging

The volumetric changes in the target lobe (RML) appear in Figure 2. The onset of target lobe 

atrophy was 8–12 weeks for high- and medium-dose rats. The percent growth of the target 

lobe relative to baseline was −5.0% (95% CI: −17.0–6.9) for high-, medium dose rats 

compared to +18.6% (95% CI: 7.6–29.7) in the low-dose group (p=0.0043) at 12-weeks. 

The percentage of liver volume comprised of the target lobe was also decreased at 12-weeks 

for high/medium-dose rats at 11.4% (95% CI: 9.5–13.4) versus 15.1% (95% CI: 12.6–17.6) 

in low-dose rats (p=0.0120).

Explant Findings & Histology

Lobar mass increased as rats grew increasing whole liver and target lobe volume in both 

control and Y90 PVE groups. The weight fraction for each hepatic lobe appears in Figure 3. 

Medium- and high-dose Y90 PVE (but not low-dose) resulted in more extensive decreases in 

the target lobe weight fraction that was significantly less than the control group suggesting 

increased target lobe atrophy at these higher doses.

H&E demonstrated microspheres distributed throughout the portal triads in the target lobe 

(Figure 4). For the high-dose group, clusters of microspheres resulted in localized radiation 

necrosis and decellularization with residual extracellular matrix and peripheral fibrosis. The 

low-dose group demonstrated mild fibrosis within portal triads without necrosis or 

decellularization.

Areas of fibrosis were observed as dense circular regions of collagen deposition co-localized 

with microsphere distributions within the portal triads (shown in Figure 4) with sparring of 

the central veins. The fibrosis matched heterogeneous patterns of microsphere deposition 

within the hepatic parenchyma. The fibrotic area per microsphere was 22,893.5, 

14,946.2±2,253.3, 15,304.5±4,716.6, and 5,268.8±2,297.2μm2 for very high- (n=1), high- 

(n=4), medium- (n=3), and low-dose groups (n=5), respectively. Based on these values, 

radiation fibrosis extended to a mean circular radius of 85.4, 69.0±26.8, 69.8±38.7, and 

50.0±27.0μm per sphere in each portal triad for each group, respectively. Fibrosis 

measurements are shown in Figure 5 by administered activity (MBq) and specific activity of 

infused microspheres (MBq/mg).

Immunofluorescence results are shown in Figure 6. Y90 PVE decreased hepatocyte 

proliferation in the target lobe for high- and medium-dose rats with 4.5 versus 16.1 Ki67 

positive nuclei per field in the target versus non-target lobe, respectively (p=0.0061). For the 

very high-, high-, and medium-dose rats, microvessel density was significantly reduced in 

the target lobe at 544.6 (CI: 241.3–847.9) versus 2245.9 (CI: 1782.5–2709.4) per mm2 in the 

non-target lobe (p=0.0001). The area of positive α-SMA staining in high-/medium-dose rats 

was similarl for the target and non-target lobe at 0.40% (CI: 0.16–0.65) versus 0.32% (CI: 

0.02–0.62), respectively (p=0.3077).
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One early death occurred at four-week imaging and was considered related to the duration of 

scanning rather than 90Y because 90Y PET/CT demonstrated no off-target delivery and this 

correlated with pathology in this case. Trichrome staining demonstrated extensive 

subcapsular fibrosis that matched gross pathology, indicating onset of fibrosis as early as one 

month after Y90 PVE (Supplemental Figure 5). Hepatocyte proliferation was also 

diminished in the target lobe compared to the non-target liver; however, the numbers of 

positive nuclei per field were higher compared those observes at 12-weeks suggesting 

increased growth rates at four-weeks compared to 12-weeks (in agreement with MRI 

volumetry data). Although the microvessel density was not decreased at this early time-

point, microvessels in the target lobe appeared thickened and stained more densely in 

comparison to those in the non-target lobe, suggesting potential early changes in vascular 

dilatation and permeability in the target lobe.

DISCUSSION

Y90 PVE was feasible in Sprague-Dawley rats, resulting in increased target lobe atrophy at 

higher dosing levels. The onset of atrophy was 8–12 weeks. Fibrosis in portal triads was 

observed and extended from microspheres a radial distance of 50–85μm per sphere 

depending on dose. Fibrosis was observed as early as four weeks, and the extent of fibrosis 

at 12 weeks increased with increasing administered activity and increasing specific activity 

of infused microspheres. Treatment with 90Y in the target lobe resulted in decreased 

hepatocyte proliferation and decreased density of sinusoidal endothelial cells relative to the 

non-target liver.

Toskitch et al. published a case report describing the use of trans-portal radioembolization as 

a salvage therapy in an HCC patient with hepatic arterial damage from prior 

chemoembolization procedures and systemic therapy [17]. This case demonstrated the 

clinical potential for Y90 PVE. Our study confirms induction of target lobe fibrosis and 

atrophy with 90Y microspheres, termed Y90 PVE, a new concept for PVE with the intent of 

radioablative lobectomy. Current approaches for PVE include embolization with various 

combinations of embolic materials (coils/plugs, n-butyl cyanoacrylate, ethanol, ethiodized 

oil, fibrin glue, polyvinyl alcohol or trisacryl gelatin particles); however, the optimal 

technical approach is unknown as randomized studies comparing various agents are lacking, 

it is unclear what size particles, amount of embolic material, or angiographic endpoints are 

needed to achieve a specific degree or rate of FLR hypertrophy. A concern with all the above 

approaches is reflux of the embolic material into veins supplying the FLR due to risk of 

bilateral or main portal vein occlusion. Despite this risk, all tumor-bearing liver should be 

embolized due to the observed risk of accelerated tumor growth in non-embolized liver [18]. 

In contradistinction to the above approaches that do not provide direct antitumor activity, 

Y90 is a microembolic therapy that delivers high dose radiation to the tumor bed. Therefore, 

stasis or substasis angiographic endpoints were not used in our study and portal venous 

occlusion was not required to induce fibrosis/atrophy in the target lobe.

Y90 as the embolic agent for PVE could theoretically improve oncologic outcomes as HCC 

is known to spread through small portal vein radicles, and HCC may have increased blood 

supply from the portal vein after prior transarterial therapies [19,20]. Moreover, colorectal 
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liver metastases derive perfusion from the portal vein [21]. Thus, delivery of microembolic 

Y90 (20–30μm) into the portal veins and peripheral small radicles could limit tumor 

metastases, seeding during liver manipulation/mobilization, and allow treatment of tumors 

with increased perfusion from the portal vein. These oncologic aspects warrant further 

investigation.

Currently, intra-arterial delivery of Y90 for radiation lobectomy is an alternative method to 

induce FLR hypertrophy that also provides tumor control but has slower time to FLR 

hypertrophy than PVE [9–11]. We theorize the ideal clinical paradigm may be combining 

transarterial radioembolization with Y90 PVE to optimize oncologic outcomes and 

promoting faster rates of FLR hypertrophy. Combination approaches including TACE+PVE 

and PVE with hepatic venous embolization (venous deprivation technique) have recently 

been implemented to improve the outcomes for PVE [6–8,22,23].

A range of clinically relevant doses versus the conventional dose of 120Gy was implemented 

in our study because the requisite dose to induce target lobe atrophy from a transportal 

approach is unknown. Clinical data suggest significant target lobe atrophy may not be 

observed at 120Gy dosing [11]. This mirrors our finding that 150+Gy dosing did not arrest 

growth in the target lobe. Increased target lobe atrophy was observed in groups dosed at 

800+ and 1400+Gy; however, the high and very high-dose groups did not have more 

extensive atrophy compared to the medium dose group, suggesting a threshold dose. 

Therefore, induction of the atrophy-hypertrophy complex for FLR augmentation may 

require doses higher than the conventional 120Gy.

Hepatic fibrosis at three months following radioembolization is evident by elastography 

[24]. This observation combined with the median time to resection of ~86–90d at our 

institution led us to select 12 weeks as an appropriate study endpoint for Y90 PVE in rats. 

Imaging findings after radioembolization have been previously reported by Miller et al. and 

reviewed by Bester et al. [25,26]. Our findings confirm fibrotic changes after hepatic 

radioembolization, previously indirectly imaged [27]. In addition, medium- and high-dose 

Y90 PVE reduced the density of sinusoidal endothelial cells in the target lobe, a promising 

finding if this effect translates to microvascular damage in a clinical setting.

This study was limited by lack of a tumor model. The rat model has been previously used to 

study tumor growth kinetics after PVE [28]. We applied an open surgical approach and 

survival after the open laparotomy for Y90 PVE improved with experience but in clinical 

practice PVE is performed with percutaneous techniques. Rats grew in size over the course 

of the study and the atrophy-hypertrophy complex remains to be demonstrated after Y90 

PVE. Future studies could assess whether the Y90 PVE-induced target lobe atrophy and 

fibrosis translate to contralateral lobar hypertrophy and the rabbit model may be especially 

useful for these further investigations [29–31]. Meanwhile, additional work in the rodent 

model could allow for more rigorous examinations of dose-dependent toxicity to the normal 

liver tissue for example in the setting of radiosensitivity of the noncirrhotic parenchyma to 

Y90 chemoradiation [32].
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CONCLUSION

Y90 PVE was feasible in the rodent model and resulted in target lobe atrophy and radiation 

fibrosis that increased with higher dosing. This approach warrants future study as a 

neoadjuvant therapeutic option with attention to oncologic outcomes and induction of the 

atrophy-hypertrophy complex.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABREVIATIONS

ANOVA analysis of variance

CE contrast enhanced

CI confidence interval

DSA digital subtraction angiography

FLR future liver remnant

GRE gradient recalled echo

H&E hematoxylin and eosin

ICL inferior caudate lobe

IF immunofluorescence

LLL left lateral lobe

MIP maximum intensity projection

MIRD Medical Internal Radiation Dose

MRI magnetic resonance imaging

PET/CT positron emission tomography / computed tomography
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PVE portal vein embolization

RML right median lobe

ROI regions-of-interest

SCL superior caudate lobe

T2W T2-weighted MRI

TACE transarterial chemoembolization

TSE turbo spin echo

TLV total liver volume

Y90 yttrium-90

Y90 PVE yttrium-90 portal vein embolization
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Synopsis

Transportal radioembolization in Sprague-Dawley rats induces dose-dependent fibrosis 

and decreased volume in the target lobe at 8–12 weeks.
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Figure 1. 
(A) Externalization of bowel reveals mesenteric vein (arrow), tributaries, and site for 

venupuncture (arrowhead) with suture placement above and below. (B) DSA portogram with 

catheter tip positioning in the main portal vein demonstrates preferential flow and 

parenchymal opacification of the left segment of the median lobe (ML), left lateral lobe 

(LLL), superior caudate lobe (SCL), and inferior caudate lobe (ICL). The white dashed line 

delineates margin between irradiated and non-irradiated tissue. Note that the right lateral 

lobe (RLL) is not observed in this image. (C) Transcatheter selection of the right portal vein 

provides improved visualization of the right median lobe without reflux into the left portal 

vein or retrograde flow to the gastrointestinal tract. Y90 PVE was performed with this 

catheter tip positioning for selective delivery to the right median lobe. (D) Immediate post-

procedure 90Y PET/CT demonstrates right median lobe (RML) activity distributions in axial 

and (E) coronal fused images.
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Figure 2. 
(A) MRI volumetry after Y90 PVE (n=11). After 12 weeks, the relative increase in RML 

volume from baseline was −8.5%, 1.9%, and 18.6% for the high/very high-, medium-, and 

low-dose groups, respectively. Values are reported as means ± SD. (B) Radiation changes 

included decreased signal and atrophy in the target RML on follow-up R2* GRE MRI. 

Histopathology with (C) Masson’s trichrome staining showed fibrosis (outlined) with (D) 

corresponding H&E sections confirming fibrosis within portal triads with sparing of the 

central veins (cv = central vein).
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Figure 3. 
Hepatic lobar weight fractions by dose group at 12 weeks post Y90 PVE. Two-way ANOVA 

with Bonferroni corrected p-values (*). In comparison to controls, medium- and high-dose 

groups had significant reductions in target lobe (RML) hepatic weight fractions while the 

low-dose group did not.
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Figure 4. 
Gross pathology of explanted livers 12 weeks following Y90 PVE. (A) Medium dose 

infusion resulted in marked atrophy of the irradiated RML (outlined). The ratio of RML to 

LML volume clearly reverses in this case (RML < LML). (B) The low dose group 

demonstrated little to no atrophy of the RML, and the size of this lobe exceeded that of the 

LML as in the case of untreated controls. Qualitatively, low dose infusions resulted in a 

finely granulated “sandpaper” appearance of the capsular surface (inset) with an otherwise 

similar morphology and texture in comparison to the (C) untreated controls. Scale bar = 

1cm. Histopathology at 100x optical magnification of the RML after (A) medium-dose 

infusion, (B) low-dose infusion, and (C) no infusion (controls). (A) The areas of fibrosis 

overlay with microsphere distributions throughout the target lobe. Medium dose Y90 PVE 

resulted in significant fibrosis (blue) within the irradiated RML; these areas of fibrosis were 

restricted to short distances around heterogeneous clusters of microspheres throughout the 

parenchyma with bridging fibrosis (arrows) joining portal triads and sparing of the central 

veins. (B) The low dose group demonstrated mild fibrosis of the treated RML. (C) Untreated 

controls showed no fibrosis.
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Figure 5. 
Fibrosis measurements. The fibrotic area (μm2) per microsphere within portal triads 

increased with increased (A) administered activity (MBq) and (B) increased specific activity 

(MBq/mg).
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Figure 6. 
Representative immunofluorescence results for (A) Ki67 (100x, green), (B) α-SMA (100x, 

red), and (C) CD34 staining (200x) in very high-, high- and medium-dose rats (HD/MD) 

(n=8) and untreated controls (n=2). Scale bar = 100 μm. The target (RML, purple) and non-

target lobe (LLL, green) were compared for Y90 PVE rats. High-/medium-dose irradiation 

of the target lobe was associated with a local decrease in hepatocyte proliferation and 

decreased microvessel density at 12 weeks. The area of positive α-SMA staining appeared 

similarly elevated for both the target and non-target lobes relative to controls.
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Table 1.

Y-90 Activity by Group

Group Planned Activity (MBq) Administered Activity (MBq) Residual Activity (%)

Very High (n=2) 241.6 ± 3.0 196.8 ± 14.1 18.5 ± 6.9

High (n=10) 79.6 ± 17.8 64.0 ± 16.3 19.8 ± 9.0

Medium (n=5) 52.9 ± 20.4 27.8 ± 4.4 40.9 ± 22.0

Low (n=5) 13.0 ± 3.3 6.3 ± 2.6 53.1 ± 10.7

Note. - Values are means ± SD.
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Table 2.

Y-90 Microsphere Ex Vivo Distribution (n=4)

Location Percent Total Activity (%) Mass (g) Relative Activity (MBq/g)* Dose (Gy)*

Lung 1.2 ± 0.9% 3.15 ± 0.70 0.58 / 0.58 / 0.51 / 0.0 29.1 / 29.0 / 25.7 / 0.0

RML 93.8 ± 2.7% 2.86 ± 0.28 58.49 / 27.49 / 24.47 / 18.96 2924.5 / 1374.3 / 1223.4 / 948.1

LML 2.3 ± 1.3% 1.72 ± 0.67 3.16 / 1.20 / 0.57 / 0.75 158.2 / 59.7 / 28.3 / 37.4

LLL 0.9 ± 0.8% 4.32 ± 0.94 0.37 / 0.16 / 0.41 / 0.0 18.6 / 7.8 / 20.5 / 0.0

RLL 1.1 ± 1.1% 2.32 ± 0.76 0.68 / 1.18 / 0.44 / 0.0 33.9 / 59.3 / 22.1 / 0.0

CL 0.7 ± 0.8% 1.36 ± 0.33 2.04 / 0.94 / 0.0 / 0.0 101.8 / 47.1 / 0.0 / 0.0

Note. - Values are means ± SD.

*
Each rat had a different vial activity and residual, therefore the MBq/g and calculated dose are reported for each individual case.

RML, right median lobe; LML, left median lobe; LLL, left lateral lobe; RLL, right lateral lobe; CL, caudate lobe.
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