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Abstract

Background: The transgenic adenocarcinoma of the mouse prostate (TRAMP) is a widely

used genetically engineered spontaneous prostate cancer model. However, both the

degree of malignancy and time of cancer onset vary. While most mice display slowly

progressing cancer, a subgroup develops fast‐growing poorly differentiated (PD) tumors,

making the model challenging to use. We investigated the feasibility of using ultrasound

(US) imaging to screen for PD tumors and compared the performances of US and magnetic

resonance imaging (MRI) in providing reliable measurements of disease burden.

Methods: TRAMP mice (n = 74) were screened for PD tumors with US imaging and

findings verified with MRI, or in two cases with gross pathology. PD tumor volume

was estimated with US and MR imaging and the methods compared (n = 11). For non‐
PD mice, prostate volume was used as a marker for disease burden and estimated

with US imaging, MRI, and histology (n = 11). The agreement between the

measurements obtained by the various methods and the intraobserver variability

(IOV) was assessed using Bland‐Altman analysis.

Results: US screening showed 81% sensitivity, 91% specificity, 72% positive

predictive value, and 91% negative predictive value. The smallest tumor detected

by US screening was 14mm3 and had a maximum diameter of 2.6 mm. MRI had the

lowest IOV for both PD tumor and prostate volume estimation. US IOV was almost as

low as MRI for PD tumor volumes but was considerably higher for prostate volumes.

Conclusions: US imaging was found to be a good screening method for detecting PD

tumors and estimating tumor volume in the TRAMP model. MRI had better

repeatability than US, especially when estimating prostate volumes.
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1 | INTRODUCTION

Prostate cancer (PCa) is the most common cancer in men in the

European Union with estimated 450 000 new cases in 2018.1 Even

though overall survival is high, 107 300 men were estimated to die

from PCa in 2018.1 New treatments are required to improve survival,

and good disease models are needed to select the most promising

treatments in preclinical trials. Mouse cancer models are often used

even though the mouse prostate differs from the human prostate in

many respects. Unlike the human prostate, the mouse prostate does

not have a fibrous capsule, is divided into multiple lobes, and is located

in the abdominal cavity. The most commonly used mouse models in

preclinical PCa studies are immunodeficient mice with subcutaneous

xenografts grown from human cancer cell lines.2 Several factors make

these models less representative of human cancer, for example,

immunodeficiency, homogenous tumor genetics, and, in the case of

subcutaneous models, ectopic placement of the tumor.2 It is believed

that genetically engineered models (GEMs), with a functional immune

system and orthotopic spontaneous cancer onset, are superior models

that more accurately mimic human disease. Despite its promise, the

use of GEM is still limited because of large variations in the degree of

malignancy and age at cancer onset, which lead to high variation

within treatment groups and planning experiments can be challenging.

The transgenic adenocarcinoma of the mouse prostate (TRAMP) is a

widely used spontaneous PCa model.3,4 TRAMP mice develop cancer

gradually from normal cells that transition through prostatic intraepithe-

lial neoplasia to cancer.5-7 Because of neoplasia, the TRAMP prostate

outgrows wild‐type mouse prostates by 12 weeks of age. The TRAMP

prostates continue growing as mice age, while wild‐type mouse prostate

volumes stabilize by 24 weeks of age.8 However, the disease progression

is heterogenous, and a subgroup develops fast‐growing poorly differ-

entiated (PD) tumors from around 12 weeks of age.9 After PD tumor

detection, mice often need to be euthanized within a few weeks because

of tumor burden affecting animal welfare, whereas mice without PD

tumors can live much longer, often up to 1 year of age.10 Consequently,

the TRAMP model displays distinct phenotypes with different disease

progression, which can make it challenging to determine treatment

timepoints and to measure treatment response.

Variation in the cancer phenotype and age at cancer onset in the

TRAMP model requires strategies to reduce the variation in outcome

measurements. One strategy is starting the treatment when mice are

young and the variation between individual mice is low. In such

studies, treatment starts before cancer onset and the studies are often

called chemopreventive. Another strategy is to use longitudinal

outcome measurements acquired with in vivo imaging, enabling

stratification of the mice in different treatment groups based on the

phenotype and the use of longitudinal statistical methods.

A number of outcome measurements are used to compare the

efficacy of treatments in the TRAMP model. Methods based on histology

are most commonly used and several grading systems based on

hematoxylin and eosin‐stained sections have been developed for the

TRAMP model6,7,10-13 and are often combined with immunohistochem-

istry markers for proliferation, apoptosis, and others. Often, tumor or

prostate size is used to measure the treatment effect. The measurement

is usually done ex vivo, since the prostate and prostate tumors are

inaccessible for caliper measurements. Less frequently, imaging techni-

ques are used to assess disease progression or treatment response in

vivo. For PD mice, tumor volume is sometimes used to measure tumor

burden.9 However, most TRAMP mice do not develop PD tumors and an

alternative treatment efficacy outcome such as prostate volume must be

used.14,15 It has previously been shown that the prostate volume of the

TRAMP background strain C57BL/6 does not usually grow past 40mm3,

while TRAMP mice can reach a volume of around 100mm3 when they

are 25 weeks of age.8 The change in prostate volume can, therefore, be

attributed to neoplasia of the prostate in the TRAMP and be a marker of

disease progression. However, the growth is not always caused by

malignant disease and might not indicate aggressiveness or metastatic

potential.

We hypothesize that in vivo imaging can be used to overcome

challenges posed by the TRAMP model, by offering longitudinal outcome

measurements and treatment group stratification based on phenotype.

This could enable the use of more powerful longitudinal statistical

analysis and reduce the number of mice needed per treatment group.

Examples of longitudinal measurements are volume change over time,

volume doubling time, and tumor‐free survival. In this study, we

investigated the performance of ultrasound (US) and magnetic resonance

imaging (MRI) for imaging pathology of the prostate. Both imaging

modalities are widely available in preclinical imaging facilities. Compared

with MRI scanners, US scanners are generally less expensive to purchase,

operate, and require less infrastructure. Moreover, US image acquisition

is often quicker than MRI. Consequently, we were particularly interested

in examining whether US imaging could be used to detect and measure

changes in the prostate in the TRAMP model.

Thus, this study addresses two of the main challenges working with

the TRAMP model; the unpredictable onset of PD tumors, and

longitudinal monitoring of cancer progression or treatment response.

First, we investigated the PD tumor screening performance of US

imaging using MRI or gross pathology (in two cases) for verification.

Second, we estimated PD tumor volume and compared agreement and

intraobserver variability (IOV) for US imaging and MRI. Finally, we

performed prostate volume measurements for non‐PD mice and

compared the agreement and IOV for US imaging, MRI, and histology.

2 | MATERIALS AND METHODS

2.1 | Mice

Mice were bred from an in‐house colony established at the Norwegian

University of Science and Technology (NTNU, Trondheim, Norway),

with TRAMP mice originally purchased from the Jackson Labs in 2012.

Initially, TRAMP mice homozygous for the TRAMP mutation were

used in our experiments, but after a literature review, we changed to

breeding heterozygous TRAMP mice in accordance with the majority

of TRAMP studies. The in‐house colony consisted of TRAMP mice

homozygous for the TRAMP mutation. Heterogenous mice were bred

using homozygous TRAMP females and C57BL/6 males acquired from
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the Jackson Labs. The presence of TRAMP mutation in the offspring

was verified by a polymerase chain reaction. PD tumor screening and

volume estimation were performed on mice heterozygous for the

TRAMP mutation and prostate volume were calculated for TRAMP

mice homozygous for the TRAMP mutation. All mice were housed

under specific pathogen‐free conditions, in groups of one to six in

ventilated cages (Model 1284L; Tecniplast) at temperatures from 21°C

to 23°C, with 45% to 60% relative humidity, 70 air changes per hour

and ad libitum access to food and sterile water.

2.2 | Ethics

All animal experiments were approved by the Norwegian Animal

Research Authority and Norwegian Food Safety Authority.

2.3 | US imaging protocol and volume estimation

PD tumor screening and measurement of tumor volume were performed

using a FUJIFILM Visualsonics Vevo 3100 scanner with an MX550D

probe with 40MHz center frequency, 30 ×30µm2 in‐plane resolution

and 80µm through‐plane resolution. Images were acquired every 76 µm

using a 3D‐motor. Imaging for prostate volume estimation was done with

a FUJIFILMVisualsonics Vevo 2100 scanner with anMS550D probe with

40MHz center frequency, 40 ×40µm2 axial resolution, and 90µm lateral

resolution. Images were acquired every 32 µm using a 3D‐motor. The

reason for the system change was an upgrade. Mice were kept under

anesthesia during imaging using 1.5% to 2.5% isoflurane with 0.5 L/min

5:1 air:O2 mix. Mice were restrained in the supine position by taping the

legs to the imaging stage. Respiration was monitored visually, and

anesthesia was adjusted to a respiration rate around 80 breaths per

minute. Before imaging, the abdomen was shaved with an electric razor

and depilation cream was used to remove remaining fur. US gel was

applied before imaging. The US transducer was placed over the lower

abdomen with an axial orientation. The bladder was easy to locate

because of its size and anechoic urine content. After identifying the

bladder, the transducer was swept caudally until the urethra was

identified. The prostate was identified as a heterogenous, hypoechoic

structure ventral, lateral and often dorsal to the urethra. Gain and

dynamic range were adjusted to see the prostate clearly while

maintaining contrast to surrounding tissue. During PD tumor screening,

the transducer was pressed manually against the pelvic region to detect

tissues that were stiffer than the prostate. PD tumors were identified as

spherical, hypoechogenic, with a heterogenous contrast and were less

compressible than surrounding tissue. After the extent of the prostate

had been identified, a 3D‐scan was acquired with the 3D‐motor. Image

stacks were imported into the Vevo LAB (FUJIFILM Visualsonics)

software, processed with the “load into 3D function,” exported as “TIFF

for 3D Volume Slice (*.tif)” and opened in FIJI ImageJ. A region of interest

(ROI) was drawn around the PD tumor or prostate depending on the

phenotype. For mice without PD tumor, ROIs were drawn over the

ventral, dorsal, and lateral prostate lobes for approximately every 5th to

10th frame and interpolation was performed between frames. In the

cranial direction, segmentation stopped when the seminal vesicle

appeared, visualized as hypo or anechoic cystic septate structures. The

volume of the ROIs in the image stack was calculated based on voxel size.

2.4 | MRI protocol and volume estimation

MRI was performed on a Bruker 7T Biospec 70/20 Avance III. Axial T2‐
weighted images were acquired using a RARE spin‐echo sequence with

fat suppression. For PD tumor detection and size measurement, several

different coil setups and sequence parameters were used due to

optimization at the beginning of the study: (a) four PD tumors were

verified using an 86mm volume resonator coil for RF transmission and

reception with TE 58.5ms, TR 4000ms, RARE factor 8, averages 6, in‐
plane resolution 0.2 × 0.2mm2, slice thickness 0.8mm and acquisition

time 3.7minutes; (b) three PD tumors were verified using an 86mm

volume resonator coil for RF transmission and a phased array rat brain

surface coil for RF reception with TE 58.5ms, TR 4000ms, RARE factor

8, averages 12, in‐plane resolution 0.15 × 0.15mm2, slice thickness

0.6mm and acquisition time 5.2minutes; (c) nine PD tumors were

verified using an 86mm volume resonator coil for RF transmission and a

phased array mouse heart surface coil for RF reception with TE 58.5ms,

TR 5000ms, RARE factor 6, averages 6, in‐plane resolution

0.1 × 0.1mm2, slice thickness 0.4mm, and acquisition time 10minutes.

The third setup was preferred since the mouse heart coil gave the best

signal from the prostate area compared with the volume resonator

coil and the rat brain coil. All MRI PD tumor volume measurements were

done with the third setup. For prostate volume measurements, axial T2w

RARE images were acquired using an 86mm volume resonator coil for

RF transmission and a phased array mouse heart surface coil for RF

reception with TE 36ms, TR 5500ms, RARE factor 8, averages 5, in‐plane
resolution 0.1 × 0.1mm2, slice thickness 0.33mm, and acquisition time

7minutes. The TE was changed from 36 to 58.5ms to increase the

contrast between prostate tissue and seminal vesicle.

Mice were kept under anesthesia with 1.5% to 2.5% isoflurane

with 0.5 L/min 5:1 air:O2 mix. Respiration was monitored with a

pressure sensor connected to a physiological monitoring system

(SA Instruments) and anesthesia adjusted to a respiration rate around

80 breaths per minute. Mice were restrained in the scanner bed in a

prone position using tape across the lower back. The imaging volume

was selected by using a quick localizer scan and a quick low‐resolution
scan in both axial and coronal orientation to identify the extent of the

tumor or prostate. PD tumors were identified as spherical with a

homogenous contrast and hyperintense signal compared with the

surrounding tissue. Only the bladder displayed a higher signal than PD

tumors. Prostate tissue was identified based on its heterogenous signal

and location mainly ventral, lateral, and dorsal to the urethra. MRI

images were exported as DICOM files from Paravision 6.0.1 and

loaded into FIJI ImageJ where ROIs were drawn manually on all

volume slices and ROI volumes estimated.

2.5 | Histology protocol and volume estimation

Eleven TRAMP mice were imaged by US and MRI the same day and

were euthanized immediately after imaging to harvest the prostates.
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The prostate was harvested together with the seminal vesicle,

bladder, and urethra and fixed in 4% formaldehyde and paraffin‐
embedded before sectioning with a microtome (Leica RM2255).

Before embedding, the prostate was oriented using the bladder,

ductus deference, and urethra as landmarks, to align histology

sections to axial images from US and MRI to be able to compare the

three diagnostic modalities. From all eleven prostates, five sections

(5 µm thick) were collected every 200 µm and stained with

hematoxylin‐erythrosine‐saffron (HES). Saffron stains collagen fibers,

and HES staining is standard at our university’s core facility.

However, adding saffron did not help distinguishing prostate from

surrounding tissue. Every other slide was scanned using brightfield

with a Zeiss LSM810 microscope using a ×2.5 objective with a

numerical aperture of 0.085. Multiple images were acquired to cover

each section and images were stitched together using the Zeiss Zen

software. Files were opened in Zeiss Blue software and one ROI was

drawn around the ventral, dorsal, and lateral prostate lobe in each

section. ROIs were drawn based on characteristic histological

features.16 After ROIs were drawn, the area of the ROIs was

multiplied with the distance between slides and summed to estimate

the prostate volume.

2.6 | Tumor screening

US screening for PD tumors was performed in 81 mice every third

week in the age range from 16 to 24 weeks (Figure S1). The total

number of US screens per mouse ranged from one to three. After PD

tumor verification with MRI, no further US imaging was performed.

MRI was used to verify the US findings in 72 mice and gross

pathology in two mice. Seven mice were excluded since they died or

had to be euthanized before MRI at week 25 due to kidney tumors or

reduced activity as a sign of illness. Initially, US screening started at

week 20, but after two mice needed to be euthanized because of

large tumors, screening was moved to week 17 ± 1 week. These two

mice were euthanized immediately due to animal welfare require-

ments, and US findings verified by gross pathology.

Mice with PD tumors detected by US screening were scanned

with MRI the following day to verify the result. Mice with a negative

US screen or a MRI verified false‐positive result, were imaged again

using US after 3 to 4 weeks. At 23 to 26 weeks of age, all mice were

imaged with MRI to verify earlier US findings.

US screening performance was assessed by estimating sensitivity,

specificity, positive predictive value (PPV), and negative predictive

value (NPV). Sensitivity was defined as a number of true‐positive/
(true‐positive + false‐negative), specificity as true‐negative/(true‐
negative + false‐positive), PPV as true‐positive/(true‐positive + false‐
positive) and NPV as true‐negative/(true‐negative + false‐negative).
PD tumor growth rate was assessed in four mice that were imaged

weekly from week 19 or 20 of age until tumor burden necessitated

euthanasia. Tumor doubling time was estimated by fitting tumor

growth data to an exponential function V(t) = V0exp(bt). The curve

fitting toolbox in MATLAB R2018b was used to estimate the rate

constant b and the doubling time was given by td = ln(2)/b.

2.7 | Imaging modality comparison and IOV of
volume estimates

PD tumor and prostate volume estimates were based on the sum of

voxel volumes within ROIs containing PD tumors or prostate tissue. For

mice without PD tumor, ROIs were limited to the ventral, dorsal, and

lateral lobes of the prostate, since the anterior prostate lobe, can be

difficult to distinguish from the seminal vesicle on images. ROIs were

drawn in the same image stack by the same observer two times at least

1 week apart and the repeated measurements were used to assess IOV

and to compare imaging modalities using the methods described by

Bland and Altman.17 Volume estimations were done by SM Fagerland

(MD), who had limited experience with US imaging, MRI, and histology

at the start of the study. US training was supplied in two sessions by

application specialists from FUJIFILM VisualSonics, MRI training was

given by researchers with extensive experience with the TRAMP model

and identification of the prostate on histological sections was based on

the papers by Berman‐Booty7 and Oliveira.16 Agreement between

imaging modalities was visualized using a scatter plot and a Bland‐
Altman plot, where the difference between the modalities is plotted on

the vertical axis and the mean of the results obtained by the two

modalities on the horizontal axis. Because the magnitude of the

difference is dependent on the size measured, we used percentage

difference from the mean on the vertical axis to correct for the size‐
dependent variation.18 The mean of the differences between the

repeated measurements was calculated and represented the bias or the

systematic difference between the measurements. The standard

deviation (SD) of the differences between repeated measurements

was also calculated. The agreement between modalities and IOV was

quantified using limits of agreement as defined by Bland‐Altman. The

limits of agreement are calculated as bias ±1.96 SD. When the

modalities were compared, the mean of two repeated measurements

was used and the calculation of limits of agreement was corrected

according to Bland‐Altman.17 The precision of the estimated bias and

limits of agreement were calculated using 95% confidence intervals

(CIs), as described in the paper by Giavarina.18 Eleven mice with PD

tumors were used to compare the tumor volume obtained by US

imaging and MRI and to investigate the IOV of US and MRI volume

estimations. Similarly, 11 mice with age span 21 to 31 weeks without

PD tumors were used to compare prostate volume measurements

obtained by US imaging, MRI, and HES sections and to investigate the

IOV for each modality.

3 | RESULTS

3.1 | Characterization of TRAMP phenotypes

The TRAMP mice exhibited two different phenotypes. All mice displayed

a hyperplastic prostate with atypia, but 22% developed a fast‐growing PD
prostate tumor in addition. No TRAMP mouse developed more than one

PD tumor. Representative HES sections from the two phenotypes are

shown in Figure 1. The PD tumors have few, sparse glands, and display

anaplastic sheets of pleomorphic cells. The prostate tissue is generally
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characterized by cells filling the lumen of glands, herniation of cells into

the smooth muscle layer, and hyperplastic epithelium.

3.2 | PD tumor screening

The PD prostate tumors appeared relatively spherical and homogenous

compared with surrounding tissue on both US and MR images and were

often located in the ventral or lateral lobe of the prostate (Figure 2). Left‐
right image asymmetry could also be a sign of PD tumor, since the normal

prostates display a left‐right symmetry in axial images. US imaging and

MRI differed in PD tumor signal intensity compared with surrounding

tissue; PD tumor signal intensity was relatively low for US imaging and

relatively high for T2‐weighted MR images. Tumors smaller than 3mm

often had a heterogenous contrast and unclear border on US images.

Compression could be used to enhance the contrast between tissues, as

shown in Figure 3. The border between the tumor and surrounding tissue

appeared more distinct when the tissue was compressed, as PD tumors

were not as compressible as surrounding prostate tissue.

F IGURE 1 A, HES section from a TRAMPmouse prostate with a PD
tumor of approximately 200mm3 measured by MRI. B, HES section of

prostate with a high degree of prostatic intraepithelial neoplasia in all
lobes and especially the dorsal prostate. DP, dorsal prostate; HES,
hematoxylin‐erythrosine‐saffron; LP, lateral prostate; MRI, magnetic

resonance imaging; SV, seminal vesicle; TRAMP, transgenic
adenocarcinoma of the mouse prostate; Tu, tumor; Ur, urethra; VP,
ventral prostate [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 2 PD prostate tumors
(outlined in red) imaged with US in the left

column and MRI in the right column. The
three mice were 17 weeks old when
imaged. The tumors appear relatively

spherical and homogenous compared with
surrounding tissues. The signal intensity of
PD prostate tumors is relatively low on US

imaging and relatively high on T2‐weighted
MRI, compared with the surrounding
tissue. MRI, magnetic resonance imaging;
PD, poorly differentiated; US, ultrasound

[Color figure can be viewed at
wileyonlinelibrary.com]

F IGURE 3 A, An US image of a PD tumor from a 20‐week‐old
mouse acquired under compression and shows a clear border
between the tumor and surrounding tissue. B, The same tumor with
low compression during the same image session where the border is

less well‐defined. The tumor had a maximum diameter of 4.6 mm
and volume 39.4 mm3 estimated by US. Based on MRI the volume
was estimated to be 56.7 mm3. MRI, magnetic resonance imaging;

PD, poorly differentiated; US, ultrasound [Color figure can be
viewed at wileyonlinelibrary.com]
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US imaging performed well in PD tumor screening. US imaging was

performed one to three times per mouse in the age range 16 to 24

weeks. This resulted in 81% sensitivity, 91% specificity, 72% PPV, and

91% NPV (Table 1). Sixty‐six cases were classified correctly as true‐
positive (13 mice) or as true‐negative (53 mice). Eight cases were

misclassified as false positives (5 mice) or false‐negative (3 mice). The

false negatives were detected with MRI 3 weeks after the last US

screening and volumes were in the range of 21 to 93mm3measured with

MRI. In four out of five false‐positive cases the ventrolateral area of the

prostate was misinterpreted as tumor (Figure 4). Misinterpretation

occurred since the prostate sometimes shares characteristics with PD

tumors by appearing spherical during compression or a tilted mouse

position can make the prostate appear asymmetrical. Twenty‐two
percent of the mice (16 of 74) developed PD tumors by 25 weeks of age.

Figure 5 shows mouse age and tumor volume at the time of PD

prostate tumor detection either by US imaging or MRI. Volumes were

estimated using MRI or US. US screening detected PD tumors as

small as 14mm3 measured with MRI and a maximum diameter of

2.6mm when measured with US. PD tumor volume varied widely in

mice of the same age, ranging from 14 to 420mm3 in week 17 and 16

to 3100mm3 in week 20. No PD tumors were detected at week 16 or

18. Four of the mice with PD tumors were imaged weekly by MRI

until they reached a tumor diameter of more than 1.5 cm. The growth

data for these four mice are plotted in Figure 5. The growth data

were fitted to an exponential function and all R2 values were greater

than 0.99. On the basis of the exponential function, PD tumor

doubling time was 4.0, 4.2, 5.3, and 5.9 days.

3.3 | Comparing tumor volume estimated by US
imaging and MRI

PD tumor volumes (Table S1) estimated from US images correlated

well with, but were generally smaller than MRI measurements, as

TABLE 1 US screening performance in TRAMP mice verified by
MRI (n = 72) and gross histology (n = 2)

Sensitivity 81% True‐positive n = 13

Specificity 91% False‐positive n = 5

Positive predictive value 72% False‐
negative

n = 3

Negative predictive value 91% True‐negative n = 53

Prevalence of prostate PD tumors 22%

Abbreviations: MRI, magnetic resonance imaging; PD, poorly differentiated;

TRAMP, transgenic adenocarcinoma of the mouse prostate; US, ultrasound

F IGURE 4 Images of the TRAMP model

where US screening gave false‐positive
results. Corresponding US and MR images
are shown in the left and right columns,

respectively. Structures misinterpreted as
PD tumors on US are outlined in red.
Misinterpretation of the ventrolateral

aspect of the prostate on US images led to
four out of five false positives. MR,
magnetic resonance; PD, poorly

differentiated; TRAMP, transgenic
adenocarcinoma of the mouse prostate;
US, ultrasound [Color figure can be viewed
at wileyonlinelibrary.com]
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demonstrated from the log‐log scatter plot in Figure 6A. The tumor

volumes for the 11 tumors varied from 8.1 to 587mm3 when

estimated with US imaging and 8.5 to 721mm3 when estimated with

MRI. To obtain more detailed information about the difference in the

volumes obtained by the two imaging modalities, the data were

analyzed in a Bland‐Altman plot (Figure 6B). The blue line indicates

the systematic difference between the methods and shows that the

tumor volumes measured by US imaging were on average 22%

smaller than volumes measured by MRI, with a 95% CI of 5.4% to

38.9%. The red lines indicate the limits of agreement, which were

−71.9% to 27.6% (Figure 6B).

3.4 | IOV in tumor volume estimation

IOV was slightly larger for US imaging than for MRI as shown on the

Bland‐Atman plot (Figures 7 and Tables S2, S3). The bias for US

imaging and MRI was 2.6% (95% CI: −1.8%‐7.1%) and −0.1% (95% CI:

−3.8%‐3.7%), respectively, indicating no systematic difference be-

tween the repeated measurements. The limits of agreement for

volume measurements were −11.2% to 16.5% for US imaging and

−11.1% to 10.9% for MRI.

3.5 | Comparing prostate volume measured by US
imaging, MRI, and histology

Figure 8 shows prostate tissue ROIs for US imaging, MRI, and

histology in three different mice (Tables S4‐S6). The contrast

between the prostate and surrounding tissues can be low, especially

for US imaging. The border between the prostate and seminal vesicle

is the most difficult to distinguish in US imaging and MRI, because of

the uneven nature of the border and relatively low contrast. On HES

images, the dorsal and anterior lobe could sometimes be mistaken for

each other. Normally the lobes can be distinguished based on the

epithelial lining of the gland, which is more columnar for the anterior

gland, and the secretion, which is more eosinophilic in the anterior

F IGURE 5 PD tumor volumes (n = 16) are plotted on a

logarithmic scale on the vertical axis and mouse age at PD tumor
detection on the horizontal axis. Black circles (n = 11) represent
individual tumors detected with US and volumes were estimated by
MRI. Red asterisks (n = 2) represent individual tumors for which

volumes were estimated by US. Blue triangles (n = 3) indicate
individual tumors detected and measured by MRI but not US (false
negatives). The colored, dashed lines show growth data for four PD

tumors. All growth data fitted an exponential function with R2 > 0.99.
MRI, magnetic resonance imaging; PD, poorly differentiated; US,
ultrasound [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 6 A, Log‐log scatter plot comparing tumor volumes obtained by US imaging and MRI. The dashed line shows the line of equality. Circles
represent the mean of paired PD volumes estimated by MRI vs PD volume estimated by US imaging. B, Bland‐Altman plot comparing tumor volume

estimated by US imaging and MRI. The vertical axis shows the percentage difference between volumes obtained by US imaging and MRI, and the
horizontal axis shows the mean of the volumes from US imaging and MRI on a logarithmic scale. The blue line shows the mean of the differences,
indicating that the tumor volumes measured by US imaging are on average 22% lower than MRI measured volumes. The red lines show the limits of

agreement. MRI, magnetic resonance imaging; PD, poorly differentiated; US, ultrasound [Color figure can be viewed at wileyonlinelibrary.com]
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gland. However, sometimes neoplastic epithelium fills the glands and

the hallmarks identifying the glands can disappear.

Prostate volume estimations from US images were, in general, much

smaller than estimations from histology and MRI. MRI volume estima-

tions were closer to histology volumes with a small overestimation, as

demonstrated from the log‐log scatter plot in Figure 9A. The prostate

volumes from 11 mice varied from 19.6 to 55.8mm3 on US imaging, 33.6

to 97.4mm3 on MRI, and 31.8 to 70.9mm3 on histology. Comparisons

between US and histology, US and MRI, and MRI and histology are

plotted in a Bland‐Altman plot to visualize and quantify the agreement

F IGURE 7 Bland‐Altman plots of IOV in

tumor volume obtained from US imaging
and MRI. The vertical axis shows the
percentage difference between two

repeated measurements, and the
horizontal axis shows the mean of the two
repeated measurements (logarithmic scale)

measured by US (left) or MRI (right). The
blue lines indicate the mean of the
differences and the red lines show the
limits of agreement. Volume estimates

from MRI have lower IOV than US imaging.
IOV, intraobserver variability; MRI,
magnetic resonance imaging; US,

ultrasound [Color figure can be viewed at
wileyonlinelibrary.com]

F IGURE 8 Segmentation of prostate for volume estimation in three representative mice with US imaging, MRI and histology. Prostate tissue
is outlined in red. MRI, magnetic resonance imaging; US, ultrasound [Color figure can be viewed at wileyonlinelibrary.com]
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(Figure 9B). The limits of agreement between US and histology were

−92.7% to 9.2% with a bias of −41.7%, the limits of agreement between

US and MRI were −97.1% to −10.1% with a bias of 53.6% and the limits

of agreement between MRI and histology were −21.9% to 46.6% with a

bias of 12.4%.

3.6 | IOV in prostate volume

The IOV for prostate volume measurement was much larger for US

imaging compared with MRI and histology, whereas the IOV for

prostate volumes obtained by MRI and histology were almost the

same as shown on the Bland‐Altman plot (Figure 10 and Tables S7‐

S9). The mean of the differences for US imaging, MRI, and histology

was not significantly different from 0, indicating no systematic

difference between the repeated measurements. The limits of

agreement were −35.1% to 53.9% for US imaging, −24.3% to 20.2%

for MRI and −26.8% to 19.0% for histology.

4 | DISCUSSION

Since the establishment of the TRAMP model in 1995,19 the model has

been widely used to study PCa progression and to develop new therapies

and strategies to prevent or treat PCa. However, working with the

F IGURE 9 A, Log‐log scatterplots comparing prostate volumes obtained from US imaging, MRI, and HES section scans. The dashed line
shows the line of equality. Each circle represents the prostate volume of a different mouse. B, Bland‐Altman plots comparing volume

estimations from US, MRI, and histology. Percentage differences between measurements are plotted on the vertical axis and the mean of the
measurements is plotted on the horizontal axis. The blue lines show the mean of the differences, and the red lines show the limits of agreement.
HES, hematoxylin‐erythrosine‐saffron; MRI, magnetic resonance imaging, US, ultrasound [Color figure can be viewed at wileyonlinelibrary.com]
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TRAMP model is challenging because of unpredictable disease onset

characteristics and variation in cancer malignancy. While histology has

been the standard method to evaluate treatment response, imaging can

improve treatment evaluation by enabling longitudinal measurements or

stratifying TRAMP phenotypes before commencing treatment. Stratifica-

tion reduces the number of mice needed in preclinical studies through a

reduction in the variation in treatment response between groups. Most

TRAMPmice do not develop solid tumors during their life span, but show

the cancerous transformation of the prostate and increase in prostate

volume; a smaller subgroup develops PD tumors, which causes a large

variation in treatment outcomes. We demonstrated that US imaging,

being a low‐cost and broadly available imaging modality, could be used to

screen TRAMP mice for PD tumors. In addition, PD tumor volumes

obtained by US and MRI were compared, as well as prostate volumes

obtained by US imaging, MRI, or histology.

4.1 | PD tumor screening

Stratification of mice into different treatment groups based on the

disease phenotype is important to reduce variation in treatment

response within treatment groups and to reduce the number of mice

needed in preclinical trials. US imaging every third week, up to three

times in total, was found to detect PD tumors in mice aged 16 to 24

weeks with 81% sensitivity and 91% specificity, demonstrating that

US imaging can be a valuable tool for detecting PD tumors. For the

false‐negative cases, the volumes were too small for detection by US

imaging and the validation with MRI performed 3 weeks later

revealed volumes in the range of 21 to 93mm3. Thus, at the time of

US imaging, the tumors were most likely below 2mm in diameter.

Misclassification of prostates as false positives occurred because the

TRAMP prostate and PD tumors sometimes share characteristics, for

example, compression can make the prostate appear spherical and a

tilted image plane can make the prostate appear asymmetrical.

The screening performance could be improved by repeating US

weekly. Wirtzfeld et al20achieved a sensitivity of 95% and specificity of

100% when screening 33 mice from the spontaneous PCa model PSP‐
TGMAP with US imaging weekly from 16 to 32 weeks of age. In that

study, three investigators reached consensus over the presence or

absence of tumors while having previous imaging data available. Together

with the higher frequency of imaging sessions compared with our study,

this led to an improved screening performance. Other factors that can

contribute to the difference are the use of a different mouse model,

different US set‐up and fewer mice in the Wirtzfeld study. A limitation of

both our and Wirtzfeld’s study is that negative US screenings were not

immediately validated by MRI or histology. In our study, mice with

negative US screening were screened up to three times before validation

and in Wirtzfeld’s study, they were screened even more often.

The smallest tumor we detected at week 17 during US screening

had a volume of 14mm3 measured on MRI and a maximum diameter

of 2.6mm on US, which was similar to the study by Wirtzfeld who

reported tumor detection down to 2.4 mm. Degrassi et al9 detected

PD tumors with a diameter of 1 to 2mm using MRI from week 12 of

age, and the tumor doubling time for the PD tumors was 5 days,

consistent with the doubling times in our study which were from 4.0

to 5.8 days. Several factors can influence the detection limit for PD

tumors. In addition to tumor volume, the detection limit will depend

on how close to the skin the tumor is located, if the tumor affects

image symmetry and the tumor contrast to surrounding tissue.

F IGURE 10 Bland‐Altman plots showing IOV for volume estimation based on US imaging, MRI, and histology. The vertical axis is percentage
differences between two repeated measurements and the horizontal axis is the mean of the two repeated measurements. The blue lines show

the mean of the differences. The red lines show the limits of agreement. MRI and histology show comparable IOV, while US has a larger IOV.
IOV, intraobserver variability; MRI, magnetic resonance imaging; US, ultrasound [Color figure can be viewed at wileyonlinelibrary.com]
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When determining the mouse age at the start of screening and

intervals between screening, important considerations are mouse age

at PD tumor debut and PD tumor growth rate as well as the aim of

the study to be performed. If a study requires small initial PD tumor

volumes or one wants to follow tumor development closely, screen-

ing should start early (eg, at 16 weeks of age) and occur frequently

(for example weekly). If the goal is to separate PD tumor mice from a

population of TRAMP mice without tumors, screening can start later

and be done less frequently. Knowledge of the tumor growth rate for

a particular TRAMP strain might be used to extrapolate the growth

curve to determine the start of screening and screening frequency to

select mice with PD tumors of a certain volume.

4.2 | PD tumor measurement agreement and IOV

The repeatability of the volume measurements depends on the ROI

placement around the tumor, which depends on how distinct the border

between the tumor and surrounding tissue is. During US imaging,

compression was used to improve the contrast between tissues andmake

borders more distinct, especially for tumors smaller than 3mm in

diameter. Large tumors often show a mass effect, compressing the tissue

around it, giving a good contrast on US imaging without external

compression. The agreement between US imaging and MRI was low, and

the mean difference between measurements was 22% smaller with US

imaging. Compression during US imaging could change the shape of the

tumor, causing an apparent smaller volume especially for the smaller

tumors where compression was done more often. Linxweiler et al21

compared US andMRI estimated volumes for orthotopic prostate tumors

and they also found that US imaging resulted in smaller volumes than

obtained by MRI. Their US measurements were on average 4.85mm3

smaller than the MRI measurements and the limits of agreement were

around −120 and 120mm3.21 If we report our findings in absolute values

rather than relative, they are very comparable to Linxweiler with a bias of

6.2mm3 and limits of agreement from −122 to 120mm3 (Figure S2). We

quantified the difference with relative values instead of absolute values,

since the variation depends on the tumor size and limits of agreement

based on absolute values will be more dependent on larger tumors. In

addition, one of the main benefits of using in vivo imaging is the

longitudinal measurements quantify changes over time, which is a relative

measurement, making relative measurements more relevant than

absolute values.

The IOV for tumor volume estimation was slightly lower for MRI

than US. The slightly better IOV for MRI could be because of a more

distinct border and stronger contrast between tumor and the

surrounding tissue compared with US imaging. This variation in

measurement should be considered when estimating the number of

animals needed for a study.

4.3 | Prostate volume measurement agreement
and IOV

Prostate volumes were estimated by US imaging, MRI and histology.

This is to our knowledge the first time a study comparing the three

methods has been performed in TRAMP mice. We included the

ventral, lateral, and dorsal prostate lobes in the volume estimate,

since the TRAMP mutation affects all prostate lobes. The anterior

lobe was not included in the volume estimate because it was hard to

determine the extent of it by US imaging. Defining the ROI around

the prostate in US and MR images can be difficult due to an unclear

border between prostate lobes and surrounding tissue, especially

between the dorsal prostate and the seminal vesicle. Volume

estimates based on US imaging were 42% smaller than volumes

estimated by histology and 54% smaller than volumes estimated from

MRI. MRI and histology had a much better agreement. Compression

during US imaging could have been a contributing factor for the low

agreement between volumes obtained by US imaging and the other

methods. During compression, the prostate changes shape and parts

of it could have moved out of the imaged volume. The prostate

volume measured by histology is expected to be less than volumes

measured in vivo, because of shrinking during tissue fixation and

subsequent tissue processing. The degree of shrinkage depends on

both tissue and the processing steps. In kidney and prostate tumors

some authors have reported a mean volumetric shrinkage of 11.4%

and 12.4%, respectively.22,23 This is in good agreement with the

12.4% difference we observed between volumes measured by MRI

and histology. Prostate volume IOV was generally high, especially for

US imaging. The border between dorsal prostate and seminal

vesicles was least clear on US imaging (Figure S3) due to low

contrast between the dorsal prostate and seminal vesicles. In

addition, the bladder and preputial glands occasionally affected

image contrast due to posterior acoustic enhancement. These

factors make the transition from dorsal prostate to seminal vesicle

a complex area where the placement of ROIs can be difficult and

hard to reproduce. Our results indicate that the superior parts of the

dorsal prostate may have been mistaken for seminal vesicles and

thus were not included in the prostate ROI. While US imaging is

relatively fast and cost‐effective, the high IOV makes it less reliable

for repeatable volume measurements than MRI. Therefore, a trade‐
off has to be made between the time‐cost and reliability of

measurements.

5 | CONCLUSIONS

US imaging was found to be a useful screening method for detecting

PD tumors in the TRAMP model and for estimating PD tumor

volume. MR imaging has better repeatability than US, especially for

the estimation of prostate volumes and may be more suitable as a

treatment monitoring method than US imaging.
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