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Assessing Growth and Response to Therapy 
in Murine Tumor Models

C. Patrick Reynolds, Bee-Chun Sun, Yves A. DeClerck, and Rex A. Moats

Summary
Rodent models provide an important means of assessing antitumor activity vs toxicity for

new cancer therapies. Tumors are often grown subcutaneously on the flank or back of animals,
allowing accurate serial determination of tumor volume with calipers by measuring the tumors
in three dimensions. The advantages of assessing tumor volume in subcutaneous tumors must be
balanced against the potential artifacts induced by growth of tumor cells in subcutaneous tissue.
Various orthotopic models have been developed. However, they are more labor-intensive and
generally do not allow accurate assessment of tumor growth and/or response unless investigators
have access to small animal cross-sectional imaging. Use of small-animal magnetic resonance
imaging (MRI) allows one to assess the growth and response of intracavitary tumors, but the cost
and labor-intensive nature of MRI limits its use in drug testing. Another approach to intracavi-
tary solid tumor models is the intravenous injection of tumor cells, which can produce lung,
liver, or bone metastases (depending on the cell line used), whereas direct injection of tumor
cells into the femur or tibia of mice can cause local growth in bone. Progression of both lung
metastases and bone lesions can be assessed by small-animal analog X-ray techniques that are
more easily available and less labor-intensive to use, and are proving useful for selected thera-
peutic and biological studies.
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1. Introduction
Rodent models provide an important means of assessing antitumor activity

vs toxicity for new antineoplastic drugs, and they provide a key component of
preclinical developmental therapeutics for cancer. Syngeneic rat and mouse
tumors played an important role in early cancer drug development (1–3), but
these have largely been surpassed by the use of xenografted human solid
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tumors in athymic (nu/nu) mice, in severe combined immunodeficiency (SCID)
mice, or in athymic rats (4–8). Human leukemia cells injected intravenously
into nod/SCID mice can provide a model of acute lymphoblastic leukemia that
is being used for preclinical therapeutic studies (9–11). Although the limita-
tions of rodent models in predicting clinically active agents are well recog-
nized, they still provide an important component of preclinical testing, and
significant responses in multiple xenograft models increase the possibility of a
new drug having clinical activity (12).

Solid tumors are often grown subcutaneously on the flank or back of animals
to allow an accurate serial determination of tumor volume with calipers by
measuring the tumors in three dimensions (13). The advantages of assessing
tumor volume in subcutaneous tumors must be balanced against the potential
artifacts induced by growth of tumor cells in subcutaneous tissue. Various
orthotopic models have been developed (14–19), but they are more labor-
intensive and generally do not allow the accurate assessment of tumor growth
and/or response unless investigators have access to small-animal cross-sectional
imaging (20–22). Small-animal magnetic resonance imaging (MRI) allows
assessing growth and response of intracavitary tumors (20–23), but the cost
and labor-intensive nature of MRI limits its widespread use in preclinical drug
testing. However, in brain tumors, where alternatives for assessing tumor
response are limited, small animal MRI may see wider application. Micro-
computerized tomography (CT) offers another means of assessing intracavi-
tary lesions (24,25), but it is not suitable for intracranial lesions, and the time
involved in obtaining and processing images prevents the routine use of micro-
CT in drug testing.

Transduction of tumor cells with green fluorescent protein (GFP) is one
method for assessing tumor growth and response by use of fluorescence imag-
ing systems that can detect and quantify tumor masses in animals (26–28).
However, the potential for GFP transduction to introduce artifacts is consider-
able, and GFP transduction has been shown to induce oxidative stress and to
sensitize tumor cells to a variety of chemotherapeutic drugs (29). An alternative
to GFP is to transduce tumor cells with firefly luciferase, which allows the
light generated in tumors when the mice are given luciferin to be imaged in
special devices (30–33). The potential for luciferase transduction to interfere
with tumor growth or sensitize tumor cells to chemotherapy remains unknown.
Also, because of the induction of an immune response, either luciferase or GFP
marking is limited to use in immunocompromised mice.

Analysis of progression-free survival provides one alternative to intracavitary
imaging, but the lack of tumor response data and the inability to exclude tumors
that do not engraft from the analysis diminish the usefulness of such models.
However, when employing disseminated disease models (tail vein injection)
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for solid tumors or for leukemias, progression-free survival remains the pri-
mary approach for assessing the response of disseminated disease (9–11,34,35).

For tumors in which intravenous injection of tumor cells causes pulmonary
or bone metastases, relatively inexpensive analog radiological methods can pro-
vide a means of documenting tumor engraftment prior to therapeutic studies,
and may also be used to assess response. Intravenous injection or direct injec-
tion of some tumor cell lines into the femur or tibia of mice produces bone
invasion that can cause lytic lesions evauable with analog radiology (36). Such
bone invasion and/or metastasis models have been developed for breast cancer
(37–39), prostate cancer (40), and neuroblastoma (41). These models are useful
for testing agents that have direct antitumor effects, or agents (such as bispho-
sphonates) that retard or prevent skeletal events.

We will review here methods for assessing tumor progression and response
in subcutaneous murine models with direct measurement. We will also review
radiographic techniques currently under development that can be used to assess
tumor progression and response to therapy without the use of potentially arti-
fact-inducing transduced cell markers.

2. Materials
1. Mice. Mice (female, 4–6-wk-old athymic balb/c (nu/nu) or homozygous SCID

C.B-17/IcrHsd-scid mutant mice can be obtained from a variety of vendors. Mice
should be allowed to acclimate to their new environment for 1 wk after arrival.

2. Animal caging. Cages require a laminar-flow air delivery system (such as that
made by Lab Products, Seaford, DE) or filter cage bonnets on polycarbonate
microisolator cages lined with autoclaved bedding to maintain an aseptic envi-
ronment. Mice should be maintained according to Institutional Animal Care and
Use Committee (IACUC) approved experimental protocols. Autoclaved and acid-
ified (pH = 4–6) water and autoclaved standard Purina mouse chow should be
provided ad libitum.

3. Medium for suspending tumor cells. To minimize pH changes during handling
of cells outside of a CO2 incubator and to decrease clumping (especially delete-
rious with intravenous injections), cells are optimally suspended in L-15 (non-
bicarbonate-based, non-CO2-requiring medium) that is made without calcium or
magnesisum.

4. Calipers. Although vernier and dial calipers can be used for measuring subcuta-
neous tumors, digital calipers (such as those made by Fisher Scientific, Tustin,
CA) are the most suitable for the task. Systems for direct entry of caliper data into
microcomputers have also been developed (42). However, employing two indi-
viduals for the measurements (one to measure, one to transcribe) allows rapid
collection of data without the use of computerized calipers.

5. Injectable anesthetics. Pentobarbital sodium injection (Abbott Laboratories, North
Chicago, IL), given ip at 40 mg/kg is one means of anesthesia. Another is an ip
injection of 2.5% Avertin, 0.02 mL 2.5% Avertin/g body weight (ip) for mice,

Tumor Assessment in Mice 337



with a 100% stock solution consisting of 1 g of 2,2,2-tribromoethanol in 1 mL
tert-amyl alcohol (both made by Sigma-Aldrich, Milwaukee, WI). Mice can also
be anesthetized by ip injection of a mixture of ketamine (50 mg/kg) and xylo-
caine (5 mg/kg).

6. Inhalational anesthesia. Isoflurane anesthetic + oxygen is delivered from an
inhalational anesthetic apparatus (Abbott Laboratories, North Chicago, IL).

7. Animal temperature control system. To prevent hypothermia, one must provide
temperature control for the mice during anesthesia. A suitable system for doing
this is a water heating pad, the heat therapy system, comprised of a pad (REF
TP22GT/PAD) and a pump (T/Pimp TP 500/TP500 C), both made by Gaymar
Industries, Orchard Park, NY.

8. Radiographic system. Radiographs are generated using a Faxitron MX-20 small-
animal X-ray device (Faxitron X-ray Corp., Wheeling, IL). To provide high-
resolution radiographs, mammography computed radiography cassettes with
high-resolution screens and high-detail single-emulsion mammography film and
screens (Fuji EC-MA cassette, Fuji Photo Film Co., Japan) are used (41). Mam-
mography products from other vendors are likely to give similar results.

9. Software. Tumor volume measurements, averages and standard deviations, and dif-
ferences between treated and control animals can be calculated using Microsoft
Excel. This program can also be used for creating rudimentary tumor growth-
over-time graphs. Macros developed in Excel can also be used to generate Kaplan-
Meier (log-rank) assessment of time to progression. Analyzed data can be copied
from Excel to SigmaPlot (Jandell Scientific, San Rafael, CA) to create publication-
quality graphics.

3. Methods
3.1. Maintaining Immunocompromised Mice

Mice are allowed to acclimate to their new environment for 1 wk after
arrival. Mice are handled under strict aseptic conditions, opening the cage in a
laminar-flow hood while wearing a sterile gown and gloves.

3.2. Establishing Subcutaneous Xenografts

1. Harvest cells that are 75–80% confluent, highly viable, and in logarithmic growth
phase. It is preferred to grow cells in antibiotic-free medium to avoid masking
microbial contamination. For neuroblastoma, rhabdomyosarcoma, Ewing’s family
tumors, retinoblastoma, and certain other tumor types we find that cells can be
removed from the substrate using Puck’s Solution A plus EDTA (Puck’s EDTA),
which contains 140 mM NaCl, 5 mM KCl, 5.5 mM glucose, 4 mM NaHCO3,
0.8 mM ethylenediaminetetraacetic acid (EDTA), 13 µM phenol red, and 9 mM
HEPES buffer (pH 7.3) (43), thus avoiding the additional cell damage from
trypsin.

2. Viable cell number is determined by hemocytometer counting using trypan blue,
and 5–50 million tumor cells (depending on tumorigencity and growth rate) are
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injected subcutaneously between the shoulder blades of three to five athyhmic
(nu/nu) mice using strict aseptic technique, with a 1-cm3-syringe and a 19-gage
needle.

3. For injection, cells are suspended in L-15 medium (Ca2+/Mg2+-free) culture
medium without fetal bovine serum (FBS) such that a total of 200 µL are injected
to deliver the desired cell dose.

4. Mice are observed biweekly and tumor growth monitored when tumors become
palpable; the lag phase varies from 2 to 12 weeks, depending on the amount of
cells injected, the tumor type, and the cell line employed.

5. When tumors reach about 1.5 cm3, two to four mice are sacrificed, the skin over the
tumor disinfected with betadine, and the tumors removed under aseptic conditions.

6. The tumor cells are forced through a sterile 80–160-µm stainless-steel mesh
strainer, and mixed with cell culture medium to form a slurry, such that injection
of 200 µL subcutaneously between the shoulder blades of 20–25 mice delivers a
tumor cell dose of approx 5–50 million cells, depending on how aggressive the
tumor is (see Note 1).

3.3. Assessing the Volume of Subcutaneous Tumors 
by Caliper Measurements

1. Tumors should be measured beginning when they are first palpable: the length
(L = longest dimension), the width (W = the distance perpendicular to and in the
same plane as the length), and the height (H = the distance between the exterior
tumor edge and the mouse body). The ellipsoid volume of the tumor, calculated from
0.5 × L × W × H, provides the most accurate measure of tumor mass (13) (Fig. 1).

2. For multilobed tumors, or those that grow in irregular shapes, the tumor should be
divided visually into two, three, or four lobes of similar dimension that are mea-
sured separately (Fig. 1). The calculated volume for each lobe can be summed to
obtain the volume of the entire mass (13).

3.4. Establishing Pulmonary and Bone Metastases 
by Intravenous Injection

1. Cells are harvested from tissue culture flasks, counted, and suspended in
serum-free L-15 (calcium- and magnesium-free) medium at a concentration of 
20 × 106 cells/mL.

2. The mouse should be gently warmed using a heat lamp to increase tail vein
circulation, then placed in a suitable restrainer (10), and the tail prepared with
betadine and 70% alcohol.

3. The cell suspension is placed into a 1-mL syringe and 100 µL of the cell suspen-
sion is injected through a 30-gage needle into the lateral tail vein.

3.5. Small Animal Anesthesia (44) (see Note 2)

1. Turn on the oxygen tank. Check the tank meter to ensure that it reads between full
and the top of the refill area (red).
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2. To begin the procedure the oxygen flow meter (green knob on left side of
machine) must read 1 L.

3. Turn on (press button) isoflurane vaporizer to achieve 5% for induction. Closely
observe the animal and continue until breathing is slow (appropriate anesthesia
generally reached within 1 min).

4. After induction, reduce the isoflurane to 2.5% for maintenance of the anesthesia,
adjust as necessary, and constantly monitor animals for breathing.

5. To prevent hypothermia, animals must be placed on a body-temperature controller
until recovered from the anesthesia.

6. Mice can also be anesthetized by ip injection of a mixture of ketamine (50 mg/kg)
and xylocaine (5 mg/kg), or by an ip injection of 2.5% Avertin (300 µL per 25-g
mouse body weight). Pentobarbital sodium injection given ip at 40 mg/kg provides
a suitable alternative.

3.6. Establishing Invasive Bone Tumors by Direct Injection

1. Injection of certain tumor cell lines into the femur or tibia of immunocompro-
mised mice can result in osteolytic lesions (40,41).

2. To implant cells into the femur, anesthetized mice are placed in a lateral position
and the skin overlying the knee and femur cleansed with betadine.
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Fig. 1. Illustration of the method for measuring subcutaneous tumors in mice.
Tumors are measured in three dimensions, the length (longest dimension), width
(shorter dimension, perpendicular to the length), and height (diameter of tumor per-
pendicular to the length and the width. For multilobed tumors, individual lobes can be
measured separately and summed to derive the entire tumor mass.



3. A small incision (8–10 mm) is made along the right knee, and the patellar tendon
and muscle are split longitudinally to expose the distal femur.

4. A surgical scalpel tip or a 26-gage needle (stabilized with a drill holder) is used
to drill a tiny hole in the cortex of the bone.

5. Tumor cells (1 × 105/µL) are suspended in cell culture medium (without FBS)
and 2–5 µL of medium + tumor cells are injected into the bone marrow space
slowly via a 30-gage sterile needle attached to a Hamilton 10-µL syringe (Hamil-
ton, Reno, NV).

6. The position of the needle in the marrow cavity can be confirmed by translumi-
nation.

7. After injection, the needle is removed and the hole is sealed with bone wax, the
patellar tendon reapproximated, and the skin closed with cyanoacrylate (Nexa-
band, Veterinary Products Lab, Phoenix, AZ).

8. Mice must be monitored carefully for signs of discomfort, and analgesics can be
used immediately after initial surgery and at other times as indicated. Mice are
euthanized if they show signs of significant discomfort.

9. A less labor-intensive approach involves injection into the tibia of the mouse,
which requires anesthesia but no incision. Mice are maintained under isoflurane
anesthesia during the tumor injection procedure.

10. The hair is shaved around the injection site and the skin surface at the injection
site is prepped with betadine scrub followed by a 70% alcohol wipe.

11. A 25- or 26-gauge needle is inserted into the proximal joint of the tibia (through
the tibial crest) to provide access to the bone marrow and is then removed.

12. Cells (also suspended in serum-free medium at 1 × 105 µL) are then injected
(~2–5 µL) into the marrow cavity of the right hind leg tibial metaphysis, using a
30-gage needle attached to a Hamilton 10-µL syringe.

3.7. Determination of Therapeutic Effect in Murine 
Tumor Models (see Note 3)

Regardless of whether survival data or tumor measurements are the primary
end points, mice should be weighed throughout the course of the experiments,
as body weight provides another means of assessing toxicity, usually done in
terms of percentage change of body weight from the weight at start of the
experiment. Here we will summarize approaches to measuring antitumor effect
in both subcutaneous and disseminated disease models, which have been
reviewed extensively elsewhere (2,35,45).

3.7.1. Intracavitary or Disseminated Disease Models

These models are attractive in that the tumor cells are often growing in phys-
iologically more relevant tissues than is a subcutaneous xenograft. However, the
difficulty (and often impossibility) of measuring the tumor prevents a serial
determination of tumor progressive growth in treated vs control animals.
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1. Assessing disease burden in leukemia or neuroblastoma can be done using flow
cytometry or polymerase chain reaction (PCR) from serial blood samples
(10,34,46).

2. Nonetheless, the general end point remains survival from initiation of experiment
until the animal is distressed or moribund (see Note 4).

3.7.2. Measures of Antitumor Effect in Disseminated Models

1. Percentage mean or median increase in life span = ratio of the survival time in
days of treated animals to the survival time of the untreated control animals. This
can be determined as percentage increase in lifespan (% ILS), which is calcu-
lated in days from initiation until a moribund state (or death) for treated vs con-
trol as % ILS = [(T – C) / C] × 100 (7).

2. An alternative to this is to calculate a T / C ratio for days of survival (or lack of
progression).

3. Kaplan-Meier (log-rank) survival analysis can be utilized (47).
4. Net log10 cell kill = T – C – (duration of treatment in days) / 3.32 × Td. T – C is

the difference in the median day of death (moribund state) between the treated (T)
and the control (C) cohorts (7). The constant 3.32 is the number of doublings
required for a population to increase on log10 unit, and Td is the mean doubling
time of the tumor in days, calculated from a log-linear least-squares fit of tumor
growth. For disseminated disease models, the latter value is difficult and perhaps
impossible to obtain accurately.

3.7.3. Subcutaneous Tumor Models

These models have the advantages of (1) providing visual confirmation that
100% of the mice used in an experiment have tumors prior to therapy; and (2)
providing a means of assessing tumor response or growth over time, with the
latter providing more information than the increase in animal survival that can
be measured in intracavitary models.

1. Subcutaneous tumor volumes should be measured as described under Subhead-
ing 3.7.

2. Data should be presented graphically as shown in Fig. 2, in which the growth
over time for each mouse in the treated and control groups is shown. Averages of
these data can also be displayed or calculated, but it is essential to present each of
the mice separately to allow a full assessment of the data (45). Some investigators
prefer to do this on a linear scale, while others prefer a semilog scale.

3. For subcutaneous tumors, some experiments involve treating the mice prior to
documentation of growing, progressing tumors. These “tumor growth delay”
experiments suffer from the same need for high-take rates or large numbers of
mice that was discussed under intracavitary models. Again, cross-sectional imag-
ing may prove useful in defining the presence of disease in such models.

4. For models in which treatment begins after tumor growth is documented, often
when tumors are at a size of 30–100 mm3, usually two measurements showing
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increasing tumor size prior to therapy are sufficient to establish tumor engraft-
ment and progression.

5. Tumor volume should be measured twice weekly. The T/C ratio can be calculated
as a T/C ratio = days to obtain a predefined tumor mass for the treated animals
divided by the days to obtain the same size mass in the control animals. For exam-
ple, with the data shown in Fig. 2, the T/C ratio was 3.9.

6. In addition, because the treated animals had a prolonged period without tumor
progression, one could also calculate the median time to progression (TTP) at
31 d for the treated animals vs 3 d (first documented progression) for the controls.

7. Data can also be presented as a percent increase in lifespan (% ILS), which is cal-
culated in days from initiation until a moribund state (or death) for treated vs
control as % ILS = [(T – C) / C] × 100 (7).

8. Kaplan-Meier (log-rank) analysis of survival or time to progression can also be
calculated (47).

9. Analyzing growth of tumors over time has been done using a variety of mathe-
matical approaches (48–51). Although complex models (such as those employing
the Gompertz function) are useful for studying growth properties and kinetics of
xenografted tumors, they are not generally needed for assessing response to ther-
apy, or in determination of xenograft doubling time, as the latter can usually be
done accurately by linear regression (51).
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Fig. 2. Example of antitumor activity against a subcutaneous tumor xenograft from
the CHLA-136 neuroblastoma cell line (52) in a nude mouse as assessed by serial mea-
surements of tumor volume. Each line represents the tumor growth over time for an
individual mouse. Shown are control mice (�) and mice treated for 5 d with daily
injections (ip) of 156 mg/kg of cyclophosphamide (�).



10. For subcutaneously growing tumors, a log10 cell kill can also be calculated as
follows:

log10 cell kill = (T – C value in days) / (3.32)(Td)

where T – C (tumor growth delay) = days to reach a defined mass for the treated
animals – days to reach the same mass for the control animals; 3.32 is the log10

unit constant; Td is the doubling time for the tumor in days (derived from the dou-
bling time of the control tumors using a log2 (linear regression) formula (51).

3.8. Radiographic Assessment of Pulmonary Lesions

1. Mice are anesthesized under aseptic conditions and then are placed into Ziplock
plastic sandwich bags to provide an aseptic barrier.

2. The Ziplock bags are sealed such that a pocket of the isofluorene/O2 mixture is
contained in the bag, providing sufficient gas for the few minutes needed to com-
plete the X-ray.

3. To provide a magnification factor for the radiographs, mice are positioned 10.5 cm
below the radiation source, and the film placed at the bottom of the Faxitron,
37.5 cm below the animal. This approach provides a magnification factor of
4 times, with the thoracic cavity of the mouse filling about half the area of the
18 × 24-cm mammography film. An example of pulmonary metastases from intra-
venous injection of a primitive neuroectodermal tumor (PNET) cell line in a SCID
mouse is shown in Fig. 3.

3.9. Radiographic Assessment of Bone Lesions

1. To image bone lesions (direct-injection invasive lesions or metastases), radi-
ographic procedures identical to those described for pulmonary lesions are
employed, except that the mouse is positioned to ensure imaging of the lower
portion of the mouse, including both legs.

2. We have developed a grading system for bone lesions in mice given direct tumor
injection into the femur that provides quantitative scoring of the bone lesions (see
Note 5). The grading system defines four grades: Grade 1 represents a normal
bone when compared to the contralateral bone. Grade 2 lesions are asymmetric
(relative to contralateral bone) and progressive radiolucent lesions limited to the
site of injection. Grade 3 shows asymmetrical and progressive radiolucent areas
extending beyond the distal femur. Grade 4 lesions contain a pathological fracture
of the bone or a breach in the bone cortex.

3. The time to develop a Grade 4 lesion can be used as a relative end point to deter-
mine tumor progression and/or response to therapy (41). An example of a lytic
bone lesion from direct injection of a prostate cancer cell line into an athymic
mouse is shown in Fig. 4.

4. Notes
1. Transfer of tumors in this fashion can be repeated many times, but to avoid genetic

drift from the original cell line one should limit such transfers to six or less.
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2. Ensure that all instruments, animals, and caging are fully prepared before initiat-
ing the procedure. Check valves of all tubes and assure open air flow.

3. One approach in the past to measuring a therapeutic effect of a drug was to estab-
lish a tumor and then compare survival of treated to untreated mice. However,
using actual survival as an end point is no longer acceptable, and mice that
become distressed, or in particular those that are moribund, must be euthanized.
Similarly, in the case of animals bearing subcutaneous tumors, when a predeter-
mined tumor size (usually for mice this is a tumor > 1500 mm3) is reached, the
animal must be sacrificed. Thus, all survival data for subcutaneous tumors will
reflect a combination of death for toxicity (or other events) and attaining a certain
tumor size. By contrast, intracavitary or disseminated disease models will measure
survival until death from toxicity, other events, or observation of obvious distress
or a moribund state. Death of a treated animal should be presumed to be treat-
ment-related if the animal dies within 15 d of the last therapy, unless death
appears to be from tumor progression.

4. A secondary problem with these models is the need for a very high (ideally 100%)
success rate for engrafting tumor. The high “take rate” is needed because even a
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Fig. 3. Radiographic demonstration of experimental pulmonary metastases in a
SCID mouse. Mice were injected in the lateral tail vein with 2 × 106 cells from the SK-
N-MC primitive neuroectodermal tumor cell line (53). After 8 wk, multiple pulmonary
metastases can be visualized by Faxitron X-ray, which were not seen in the control
mice. Postmortem examination confirmed that the lesions seen by X-ray were indeed
multiple tumor nodules, visible on gross examination (right panel) and by histopathol-
ogy (not shown).



95% “take rate” can result in the need for very large numbers of mice in any
given therapeutic experiment to achieve statistical validity. One approach to over-
come this problem would be the use of cross-sectional imaging to confirm disease
(in a single observation) prior to starting therapy.

5. The scale is not independent of mouse strain especially at low values, i.e., values of
1 and 2. Thus, care should be taken to customize the scale for your particular strain.
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