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Abstract

Purpose—To develop a reproducible small-animal dynamic contrast-enhanced (DCE) MRI set-
up for mice through which volumes <100p.L can be accurately and safely injected and to test this
set-up via DCE measurements in resting muscle and tumor tissue.

Materials and Methods—The contrast agent (CA) injection system comprised 2 MR-
compatible syringe pumps placed 50cm from the 7T magnet bore where the fringe field is about
40mT. Microbore tubing and T-connector, close to the injection site, minimized dead volume
(<10pL). For DCE-MRI measurements in 8 CB-17 SCID mice with 1500-2500mm? large
orthotopic neuroblastoma, a bolus of 10-fold-diluted Gd-DTPA CA solution (0.1mmol/kg) was
delivered (5u.L/s), followed by a 50p.L saline flush. Retro-orbital injections were given instead of
tail vein injections, since the peripheral vasculature was reduced because of large tumor burden.

Results—The CA injection was successful in 19 of 24 experiments. Optical assessment showed
minimal dispersion of ink-colored CA bolus. Mean (£SD) pharmacokinetic parameters retrieved
from DCE-MRI examinations in resting muscle (Ka%$=0.038+0.025min1, kep:0.6610.48min‘1,
1,=0.060+0.014, 14)=0.033+0.021) and tumor (Ktrans=0,082+0.071min1, kep:0.82w:0.80min‘1,
1,=0.121+0.075, 14,=0.093+0.051) agreed with those reported previously.

Conclusion—We successfully designed and implemented a DCE-MRI set-up system with short
injection lines and low dead volume. The system can be used at any field strength with the syringe
pumps placed at a sufficiently low fringe field (<40mT).
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INTRODUCTION

Dynamic contrast-enhanced (DCE) MR is a very useful tool for the early assessment of
tumor angiogenesis and its response to therapy, as it noninvasively measures vascular
function by using parameters such as blood flow and vessel permeability (1). Longitudinal
measurements by DCE-MRI have been used to elucidate tumor vascular growth (2) and
verify the effects of treatment, especially of antiangiogenic drugs, in preclinical small-
animal models (3). Although MRI contrast delivery systems are commercially available and
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applicable for DCE-MRI in humans, the method remains to be standardized in small
animals, and details of the contrast agent (CA) injection system and tubing as well as
injection volumes and rates need to be comprehensively documented.

As injection volume, injection rate, and CA concentration can influence the accuracy and
precision of DCE-MRI (4), a precise and reproducible experimental set-up is necessary to
accurately conduct DCE-MRI experiments in small animals. It is especially challenging to
design and construct such a DCE-MRI set-up in mice, because only a very small total
injection volume (<100 p.L) can safely be injected into mice at one time (5). Commercially
available injection systems currently used in clinical MRI settings are not suitable for small
animals, since they are optimized for high-pressure, high-volume injections (e.g., 15 mL in
1-3s) (6). Therefore, in small animals, contrast agent (CA) injections are usually given
manually or by custom-built single-pump injection systems. The details of such injection
systems (e.g., used tubing, injection volumes and rates) are not well standardized or
documented. In this study, we developed a DCE-MRI set-up for mice and tested it by
measuring pharmacokinetic parameters in normal-appearing resting muscle and tumor
tissues.

MATERIALS AND METHODS

Injection system and experimental DCE set-up

The CA injection system consisted of 2 MRI-compatible syringe pumps (Model 70-2130,
Harvard Apparatus, Holliston, MA) placed 50 cm from the opening of the MRI bore (7 T,
ClinScan, Bruker Biospin, Germany). At this distance the fringe field of the 7T ClinScan
magnet is about 40 mT. For different magnet designs and/or higher field strengths the
distance between the pumps and the magnet bore may have to be adapted. The pumps were
loaded with 1 mL plastic syringes, one containing saline and the other containing 10-fold
diluted gadopentetic acid (0.5 molar, Gd-DTPA, Magnevist; Berlex Laboratories, Wayne,
NJ). The syringes were connected with a Tygon microbore tubing 130 cm in length (Cole
Parmer, Vernon Hills, IL) [inner diameter (ID)/outer diameter (OD) = 0.76/2.29 mm] to a
nonmagnetic stainless steel T-connector (Cole Parmer) (ID/OD = 0.58/0.90 mm), which was
joined to a thinner Tygon tubing 15 cm in length (ID/OD = 0.25/0.76mm) by using a 1-cm-
long piece of the thicker tubing as a coupling sleeve. The blunt end of a 27 G butterfly
needle was connected to the end of the thin tubing. The dead volume from the T-connector
to the tip of the needle was approximately 10 L. Since the T-connector had no active
component (e.g., valve) to separate and to switch between the saline and CA solution, the
performance of the injection system and the quality of the contrast bolus were evaluated by
using a CA solution colored with blue ink. The injection process was assessed optically by
taking a sequence of digital photographs (Fig. 1a). The outflow solution was collected as 10
L aliquots on equally sized blotting paper sheets (2 x 2 cm?2). The mean color intensity of
the sheets was measured by using the ImageJ software (Wayne Rasband, US National
Institutes of Health, Bethesda, MD). Uniformly illuminated digital photographs of all sheets
were color inverted; region of interest (ROI) areas of 2 x 2 cm? completely enclosing each
blot were used for measurement. This approach ensured that the actual blot size and color
intensity contribute to the mean color intensity of the measured sheet. The relative CA
concentration was calculated by linearly scaling the mean color intensity of each sheet
between the average value of the 4 highest color intensities and the lowest color intensity of
the blank sheet.

Before each DCE-MRI session, the entire injection line was gas-sterilized and filled first
with the CA solution up to the T-junction and then to the end (i.e., the butterfly needle tip)
with saline through the other line. A retro-orbital injection site was chosen for the mice,
since they exhibited a large tumor burden at later time points with reduced peripheral blood
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supply, i.e., collapsed tail veins, which did not allow reliable DCE-MRI measurements from
tail-vein injections, as found in pilot experiments. The retro-orbital injections were carefully
administered (7), because adverse effects are potentially hazardous to animals. To aid the
retro-orbital injection, the mouse was positioned tail-first in the magnet. A custom-made
nose piece, cut from Plexiglas, allowed safe fixation of the mouse in the MRI bed in tail-first
position, delivery of gas mixture for anesthesia (2.0%-3.5% isoflurane ina 2.5 L/min O,
flow), and placement of the needle at the correct angle and position for the retro-orbital
injection (Fig. 2). When multiple animals were measured consecutively in a single session,
only the 27 G butterfly needle needed to be replaced with a new sterile needle; the rest of the
injection system remained unchanged. Also, the feeding injection lines stayed filled and
sterile, significantly reducing set-up times.

For DCE-MRI measurements, a single dose of CA (0.1 mmol/kg), corresponding to 50 pL
of a 10-fold-diluted CA for a mouse weighing 25 g, was injected at the twentieth acquisition
of the dynamic imaging sequence and immediately flushed with 50 pL of saline. The
injection speed of both pumps was 5 pL/s, yielding a total injection time of 20 s. If
dispersion of the injection system is neglected, the CA bolus duration should be
approximately 10 s, which is short enough to allow accurate DCE-MRI evaluation (4). The
dynamic imaging sequence was repeated 300 times, which took approximately 18 min.
Respiration rate and body temperature were monitored by a small-animal monitoring system
(Model 1025, SA Instruments, Inc., Stony Brook, NY). The temperature was maintained by
a water circulation system integrated into the standard mouse bed of the MR-system. During
the DCE experiment, the individual body temperature of animals was kept stable within a
range of 1-2°C. The average body temperature of the animals ranged from 30°C to 37°C,
and the respiration rates ranged from 30 to 40 min~L. To minimize motion during MRI, the
scanned body section of the mouse was properly fixed by taping this region to the mouse
bed while taking care to not suppress the animal’s respiration in general.

Animals and tumor model

Orthotopic neuroblastoma xenografts were established in 8 severe combined
immunodeficient (SCID) mice. Three weeks after retroperitoneal neuroblastoma (NB1691)
tumor cell inoculation, tumors were approximately 100 mm3 in size and the longitudinal
DCE-MRI study was initiated. Four mice served as controls and two each were treated with
continuous delivery of interferon-beta (8) and single-dose bevacizumab (9). Both agents
target the tumor vasculature by causing anti-angiogenesis, which controls tumor growth and
size (8,9). After obtaining a baseline MRI, 2 follow-up DCE-MRIs were obtained for each
mouse at different time points between day 2 and 11. Multiple follow-up time points and
treatment groups were chosen to confirm the reproducibility of our DCE-MRI set-up under
different experimental conditions. In total, 24 DCE-MRI examinations were performed. All
animal experiments were performed in accordance with guidelines of the Animal Care and
Use Committee.

MRI and data evaluation

Nonselective saturation recovery (SR) FLASH images (10), velocity-compensated in slice
selection direction, were acquired on a 7 T small-animal MRI scanner (ClinScan, Bruker
Biospin, Germany). Magnetization recovery was measured in a single shot (snapshot) by 16
inversion time points with Tl = 82-3344.5 ms, ATl = 217.5 ms, TE = 1.53 ms, echo spacing
=2.7ms, TR = 3562 ms, flip angle (FA) = 5°, acquisition matrix 128 x 80, field of view
(FoV) 32 x 27 mm2, 6/8 partial Fourier, and bandwidth = 550 Hz/pixel, yielding a spatial
and temporal resolution of approximately 0.25 x 0.34 x 1 mm?3 and 3.5 s, respectively. Since
the snapshot SR-FLASH sequence measures only an effective spin-lattice relaxation rate
Ry *, relaxivity of the CA was calibrated by using a phantom with different aqueous
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solutions of Gd-DTPA (0.1, 0.2, 0.3, 0.4 mM) measured at different temperatures (27°C-
37°C, in increments of 1°C). The R;*- and temperature-calibrated effective relaxivity (r*)
was

71 % =6.11 (mM - s)"1=0.076 - T[°C](mM - s - °C)"!, [1]

where T is the temperature (°C). By solving Eq. 1, the effective relaxivity of Magnevist at 7
T and 37°C was found to be 3.30 (mM - s)7L.

The dynamically measured /R;* values were converted to AR;*, with the average native /*
of the first 20 scans serving as baseline. The AR;* was then converted to CA concentration
by using the temperature-calibrated effective relaxivity (Eq. 1). The generalized two-
compartment kinetic model (11) was fitted to the DCE curves by

Ci(H)=K"" . Cp(t) ® exp(—kep - +vp - Cp(b),  [2]

where G and G, are tissue and plasma concentration of the agent, respectively; v, the
fractional plasma volume; Ka" the transfer constant; and kep the rate constant, with

keszmms [Ve, [3]

where 1, denotes the fractional interstitial space. Cp(#) was estimated for each mouse
individually by a tri-exponential fit from the vascular input function of the aorta (G,),
corrected by the hematocrit (/cf) with

Co()=Ca()/(1=het), 4

with the Actassumed to be 0.45 (12). MatLab 7.6 (MathWorks, Inc., Natick, MA) was used
for DCE data processing. A tri-exponential function was chosen to fit the AIF for individual
DCE analysis because the 3-compartment open model is most appropriate to describe the
blood plasma kinetics of Gd-DTPA in small animals (13). ROI-based analysis were
identified on pharmacokinetic parameters maps and verified by realigned anatomic image
slices (Fig. 3).

Optical inspection of the injection process and quantitative analysis with ImageJ revealed
that the contrast bolus was formed regularly, with a duration of 11.2 s, steep slopes, and only
2.5% residual CA left after the saline flush (Fig. 1b).

The CA injection failed in 5 DCE experiments (failure rate 20.8%), leaving 19 datasets for
processing and analysis. Figure 4 shows arterial input function (AIF) values obtained from
the remaining 19 DCE experiments, the median AIF(t) (0.57 - 7149 1. 0,59 . ¢=0.086 - )
fitted bi-exponetially for better comparison to previously reported AlFs in mice acquired
with similar CA injection settings (14). Table 1 compares the mean values (£ standard
deviation) of all pharmacokinetic parameters of the muscle and tumor tissue obtained from
our DCE-MRI studies with those from previously reported small-animal DCE-MRI studies
of muscle (15,16,17) and tumor (14) regions.
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DISCUSSION

As the technical details of small-animal DCE-MRI experiments have not been clearly
reported in literature, we designed and tested an experimental set-up for consecutive DCE-
MRI measurements in tumor-bearing mice. We also report the DCE-MRI measures of
normal-appearing resting muscle tissue and orthotopic neuroblastoma tumor xenografts. The
CA injection system had short injection lines and a low dead volume, enabling the injection
of a sharp bolus with very small volume, which is especially crucial for mice. Mice
weighting about 25g have a total blood volume of approximately 1mL, and only injection
volumes less than an additional 10% of this volume (100 p.L) are considered safe (5).
Furthermore, large injection volumes may considerably increase the animal’s total blood
volume, which could potentially compromise the results of the DCE measurement.

The rate of failed CA injections (20.8%) was relatively high, and injections failed randomly
among animals and over time due to minor technical problems such as improperly loaded
syringe pumps, pinched injection lines, or a clogged injection needle, but not because of the
experimental design. We have revised our DCE-MRI protocol and currently inject 2 pL of
saline every 2 min after placing the needle and before starting the DCE experiment. This
simulates a drip infusion to maintain venous flow and successfully prevents clogging of the
injection needle. Alternatively, very-low-dose heparin (10 units/mL) can be used in the
injection solution to achieve the same effect (18). At present, for various other studies, we
routinely use the presented injection system for pre/post-CA T1w imaging and its success
rate is now more than 90%. Retro-orbital injection has been reported an effective route to
administer radioactive tracers for PET imaging (19) or microbubble contrast agents for
ultrasonography (20) in mice. For our study, we chose the retro-orbital injection because
pilot experiments with the same tumor mouse model showed that many tail vein injections
failed, especially at later time points with progressed disease. The frequent observation of
collapsed tail veins may be specific to our orthotopic tumor model where the tumor grows
inside the body directly next to the kidney, abdominal aorta and vena cava. Therefore,
smaller sized tumors may have much more severe paraneoplastic effects than, e.g.,
subcutaneously grown tumors. However, the DCE-MRI set-up proposed in our study is not
dependent on a particular injection site and tail vein injections may work just fine for other
tumor models.

AIF, muscle, and tumor measurements from our DEC-MRI set-up are in agreement with
those reported in other small-animal DCE-MRI studies (14,15,16,17). However, previously
reported results of DCE-MRI in tumor tissues are highly variable and strongly depend on the
tumor type and heterogeneity (21).

The dynamic imaging protocol used in our study was intended to enable direct
measurements of relaxation rates by using snapshot-FLASH (10). This sequence does not
need an additional T1 map measurement otherwise necessary to adjust the signal of
conventional T1-weighted dynamic images. To improve temporal resolution and allow
reliable measurements of the AlF, a global saturation pulse and velocity compensating
gradients in the slice direction were used with the snapshot-FLASH sequence. It is important
to choose a sufficient high resolution and large arteries to avoid partial volume effects in the
AIF. We acquired our DCE-MRI data with a 0.25 x 0.34 x 1 mm3 voxel size and choose the
abdominal aorta for defining the AIF, which is about 0.5-1mm in diameter and several mm
in length; therefore, we are certain to have excluded potential partial volume effects. The use
of a saturation pulse instead of an inversion pulse limits the ability to correct the measured
effective spin-lattice relaxation rate (/,*) for saturation effects due to RF pulses of the
FLASH imaging. This limitation, however, was circumvented by calibrating the sequence
for R,* and temperature (Eq. 1) with quantitative phantom measurements. Another
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limitation of the global nature of the saturation or inversion pulses is that only a single slice
can be imaged. However, because the same anatomical slice can almost always be imaged,
major blood vessels and the back muscle region can be reliably found, although tumor
regions may differ between different exams. Future studies investigating heterogeneous
tumors can use alternative methods capable of multislice or 3D dynamic imaging in order to
obtain a more comprehensive view of the tumor, its growth patterns, and treatment response.

In conclusion, the developed small animal injection system is feasible for MR-DCE
measurements in tumor bearing mice where low injection volumes are very critical. The
automated injection system also offers the possibility to standardize the injection protocol
which may help to decrease the variability of the obtained pharmacokinetic parameters,
which in turn may reduce the minimal number of animals necessary for evident studies. The
injection system is independent of the MR scanner and can therefore be used universally,
also at different MR field strengths and bore sizes; if needed, the tubing can be scaled to
accommodate larger-sized animals.
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A: Optical assessment of a contrast agent (CA) bolus injection in increments of 10 pL. The
2 left columns denote the cumulative amount of injected saline and ink-colored CA solution.
The center column shows the flow of the contrast agent from the T-connector to the tip of
the butterfly needle into a disposal line. The column right of the center column shows blots
of 10 nL drops in which color intensities were used to estimate relative CA concentrations
of the bolus (far right column) with respect to the average concentration of the 4 highest CA

concentrations. B: Graphical representation of the CA-bolus. The full width at half-
maximum (FWHM) represents the bolus length, which was approximately 10 s.
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T-junction with
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close to injection
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Figure 2.

Scheme of the injection system with a custom-made nose piece cut from Plexiglas, which sat
tightly in the standard mouse bed of the MR-system; anesthesia was delivered through the
plastic tube with a tooth bar. The tapered rim of the nose piece allowed fixing of the 27 G
butterfly needle at the correct angle and position for retro-orbital injection.
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AUC90 /a.u.

Figure 3.

Anatomic slice and corresponding maps of pharmacological parameters (AUC90, K'a"S, kg,
Ve and ). Pixels for arterial input function (AIF) estimation and regions of interest (ROIs)
for DCE-MRI evaluation were selected on the AUC90 map. Anatomic confirmation ensured
that only large vessels were used for AIF derivation (red arrows) and for DCE-MRI
evaluation muscle (green ROIs) and tumor (yellow ROIs) was used. Turquoise arrows
denote the kidneys.
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2
Individual AlFs
Median AIF(t)=0.57-exp(-1.49-t)+0.59-exp(-0.086-t)
== == == Harlan nude mice AIF (14)
C3H/He mice AIF (14)
1.5 4

CA conc./ mM

0 -

0051 152 253354455556 657 75 8
Time /min

Figure 4.

Individual and median AIF values for the 19 successful experiments for the first 8 min after
CA injection. There was a high variation in individual AIF values, especially for the initial
values with the median CA concentration of 1.17 mM. A bi-exponetial fitting curve was
used for a better comparison with previously reported values of average AIF obtained from
Harlan nude mice and C3H/He mice with similar injection parameters (14).
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Table 1

Comparison of mean values (xstandard deviation) of pharmacokinetic parameters of muscle and tumor regions
for the 19 dynamic contrast-enhanced (DCE)-MRI experiments in our study with those from DCE-MRI

studies in small rodents?

Parameter Ktrans/min=1 kep/min’l Ve Vp

Muscle (our study) ~ 0.038 £0.025 0.66+0.48 0.060+0.014  0.033+0.021

Muscle (literature) 0044 +0.033%  055¢  0.080+0.040¢ 0.028 +0.008¢

Tumor (our study) 0.082+0.071 0.82+0.80 0.121+0.075  0.093 +0.051

Tumor F(literature) 00620017 g 49¢ 015+004  0.04%001

a L
References given in parentheses.
KIrans s the average value for perivertebral muscle in mice obtained from 2 separate contrast agent injections (16).

ckep was calculated by Eq. 3, using values reported for A@S and vg in literature (16, 17).
d

Ve values are for rat skeletal muscle (16).
eVp is the average value obtained from 2 different limb muscles in rabbit (15).

f\/alues for orthotopic BN472 breast tumor xenografts in Brown Norway rat (16).
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