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Background: The artificial lymphatic system (ALS), a mechanical system designed to reduce
increased interstitial fluid pressure in solid tumors and enhance the delivery of chemotherapy,
was evaluated within a randomized clinical trial treating spontaneously occurring canine
appendicular osteosarcoma (OS), a tumor similar to its human OS counterpart.

Methods: An ALS was investigated for its ability to increase OS blood flow and increase
uptake of intravenously administered carboplatin.

Results: Blood flow increased by 314% in tumors with active ALS drains versus 126% in
control tumors (P< .03). Tumor carboplatin uptake increased by 51% after drain activation (P
= .07).Microvascular density (MVD) was measured in tumors after surgical amputation and in
corresponding bone regions in a cohort of normal dogs. The OS tumors had equivalentMVD as
normal bone, andMVDwas higher in the humerus than the femur (P< .03) in both tumor and
normal bone. Median survival between the ALS-treated and control cohorts was not different
despite increased drug uptake or ALS manipulation. Compared with historic controls, ALS
drain insertion into tumors to reduce interstitial fluid pressure did not worsen the prognosis.

Conclusions: The findings in canine spontaneously occurring OS indicate that anALSmay be
of value as a chemotherapy adjunct for enhancing the delivery of chemotherapy to tumor
interstitium.
Key Words: Osteosarcoma—Carboplatin—Blood flow—Interstitial fluid pressure—Microvessel

density—Canine—Artificial lymphatic system.

Increased interstitial fluid pressure (IFP) is assumed
to impede chemotherapy transport into tumor inter-
stitium1 and contributes to the interstitial hypoxic
and acidotic conditions2 that reduce the efficacy of
chemotherapy and radiotherapy.3 We have observed

increased IFP and reduced tracheal blood flow (TBF)
in rat,4 human brain,5 human bone tumors,6 and most
recently in spontaneously occurring dog tumors.7 In
fact, every solid tumor studied by our group4–6 dis-
played increased IFP. Therefore, strategies that lower
IFP and increase TBF should increase the interstitial
delivery of chemotherapy and its local effectiveness.
Pharmacologic8 and mechanical2 approaches to re-

duce tumor IFP have enhanced chemotherapy uptake
and resulted in tumor shrinkage. However, the phar-
macologic approach8 identified the following: (1) IFP-
reducing drugs result in a wide variability of response,
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(2) it is hard to determine how soon after IFP reduces
one should administer chemotherapy, and (3) local
delivery of IFP-reducing drugs is associated with in-
creased local edema. The artificial lymphatic system
(ALS) is a mechanical approach that lowers local IFP
by aspirating small amounts of fluid within the tumor
interstitium associated with the increased IFP.2,9 The
technique can be controlled, it has a reproducible ef-
fect, and its influence is limited to tumor regions sur-
rounding the ALS drains. Introductory studies were
performed by using ALS with a rat xenograft dual-
tumor model. A drain was applied to one tumor, and
the second served as drain-free control. After systemic
delivery of chemotherapy, ALS-drained tumors had
decreased IFP, increased TBF, and greater drug up-
take that shrank the tumor faster than control tumor.9

On the basis of those findings, the ALS system was
redesigned for use in human tumors10 and evaluated in
a veterinary clinical trial performed at The Animal
Medical Center (AMC) to investigate the efficacy of an
ALS to enhance carboplatin delivery into spontane-
ously occurring appendicular osteosarcoma (OS) in
large-breed dogs.
Canine appendicular OS was selected because its

natural histology and response to neoadjuvant che-
motherapy are similar to human OS.11 Further, the
appendicular location allowed safe access and moni-
toring capability. Clinical methodology developed
from the veterinary trial could be applied to a human
solid tumor clinical trial. Pretrial measurements of
canine OS IFP determined that IFP, although higher
than in soft tissue tumors, was similar to values
reported for human OS.7

The quantity and distribution of systemically
delivered molecules into tissue interstitium are
directly related to the tissue�s microvascular density
(MVD) because molecular transport occurs across a
capillary�s luminal surface as well as via blood flow.
Therefore, MVD measurements were performed on
tumor and normal tissue regions that were removed
from amputated limbs to characterize and compare
the regions� capillary distribution.
Two hypotheses were tested: first, ALS drainage of

canine appendicular OS will increase its blood flow,
tissue PO2, and uptake of intravenously administered
carboplatin; and second, canine OS MVD is less than
the MVD of normal bone from equivalent sites.

MATERIALS AND METHODS

The Memorial Sloan Kettering Cancer Center
(MSKCC) and the AMC Institutional Animal Care

and Use Committees approved all procedures in this
study. Dog owners gave written informed consent for
all procedures performed on their pets.
The study had two stages: first, two characteriza-

tion components were performed with normal
(MSKCC) and tumor-bearing dogs (AMC); and
second, the clinical trial was performed (AMC). The
normal component measured reference values for
IFP, capillary blood flow, PO2, and pH of bone and
muscle in four dogs scheduled for euthanasia from
studies that did not influence their front legs. The
tumor-bearing component, performed in two dogs
with appendicular OS, evaluated the ALS drain de-
sign, its effect on tumor IFP, and its blood flow
dynamics.
Stage 2 was performed as a randomized clinical

trial. The ALS effect�s primary outcome measures,
TBF and PO2, were continuously recorded in tumor
regions before and after ALS drain insertion during
the tumor decompression, vacuum application, and
chemotherapy administration periods. Tumor drug
levels were measured from tissue sampled in regions
adjacent to the ALS drain. IFP and pH were not
measured to reduce probing the tumor and weaken-
ing the host bone.
Clinical outcome was assessed by comparing ser-

um alkaline phosphatase levels (ALP), measured
before and 1 month after surgery12 by measuring the
percentage of tumor necrosis13 in specimens ampu-
tated 2 weeks after receiving ALS-chemotherapy
treatment, and by performing Kaplan-Meier sur-
vival analysis to compare overall survival of dogs
treated with the ALS-adjunct versus AMC-historic
treatments.14

MVD measurements were performed by Colorado
State University on tumor resection specimens.
Tumor MVD was compared with MVD in equivalent
sites from normal femur and humeri collected from
five normal Colorado State University dogs, similar
in size to the AMC dogs, euthanized after accidental
injury.

Artificial Lymphatic System

The ALS,2,10 fabricated in MSKCC�s Instrument
Shop, included a multiport manifold that distributed
vacuum via 1/16-inch inner-diameter Tygon S-50-HL
tubing (Saint-Gobain Plastics, Akron, OH) to a
network of drains inserted into the tumors� central
region. Drain length reflected the tumors� thickness at
insertion locations. A vacuum of -80 to -100 mm Hg,
sufficient to aspirate fluid without damaging tumor,
was applied to the manifold.
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Common Procedures

Before surgery, dogs underwent a physical exami-
nation, complete blood count and biochemical profile,
and three thoracic-view radiographs that included
dorsoventral, right lateral, and left lateral views to
look for lung metastases. Anterior-posterior and lat-
eral radiographs of the tumor were used to identify
locations for probes and drain, and tumor volume was
estimated throughout treatment. Dogs were preanes-
thetized with hydromorphone (.1 mg/kg), induced
withValium (.3mg/kg)-propofol (4mg/kg), intubated,
and anesthetized with 1% to 2% isoflurane in 100% O2.
Two venous catheters were placed into superficial
limb veins for delivery of maintenance fluids and
chemotherapy. Cardiac function and hemoglobin O2

saturation were continuously monitored by electro-
cardiogram and lingual pulse oximetry, respectively,
with a Vet/Ox Plus 4800 (Heska Corp., Ft. Collins,
CO). A rectal probe monitored core temperature. By
use of aseptic surgical techniques, the tumor�s pseudo-
capsule was exposed and the ALS drain, laser Doppler
blood flow (LDF) probe, and PO2 electrode were
inserted in its midsection. Drain placement was facil-
itated by a 9-gauge bone biopsy instrument. We
observed that 3-cm-long drains traversed the entire
width of the tumors� central region. An 18-gauge nee-
dle was used to introduce the smaller diameter mea-
surement probes through the rigid tumor matrix
to minimize probe damage. Measurement probes
were positioned opposite the drain, 1 cm away and
approximately 180� opposite each other.

Instrumental Measurement Techniques

Real-time capillary blood flow was measured by a
Trimflo (1.0 mm outer diameter) parenchymal LDF
probe connected to the Laserflo BPM2 Blood Per-
fusion Monitor (Vasamedics, St. Paul, MN).2

Tissue PO2 was measured with a model 768-22
polarographic (.7 mm outer diameter) oxygen elec-
trodes (Diamond General, Ann Arbor, Mich.). This
electrode is a 25-lm gold-plated platinum cathode
covered with an O2-permeable membrane. A sintered
Ag/AgCl electrode, used as the reference anode
(In Vivo Metric, Healdsburg, CA), was wrapped in
saline-soaked gauze and placed in the dogs� mouths.
The oxygen and reference electrodes were connected
to the SG-2 Polarograph (MicroFlow Associates,
Pleasantville, NY). A polarization voltage of -.7 V
(direct current) was applied across the electrodes.
Before insertion and after use, the oxygen electrode
underwent a two-point calibration by using 100%
N2 and 10% O2–90% N2 saturated, pH 7.4,

phosphate-buffered saline solutions at 37�C. A linear
correction model corrected drift; data were consid-
ered unusable when calibration values differed by
>20%.
IFP was measured with a Wick-in–Needle probe2

and a Camino 420 Pressure monitor. Electrocardio-
gram was acquired with the Vet/Ox Plus monitor. pH
was measured with a 20-gauge combination pH
electrode (Diamond General) connected to a Denver
Instruments pH meter (Denver, CO) calibrated with
pH 4 and 7.0 buffers at 37�C.
The perfusion, polarograph, pressure, and elec-

trocardiogram monitor analog outputs were contin-
uously acquired by a PC analog input/output data
acquisition system (Dataq Instruments, Akron, OH).
The pH meter�s serial output was acquired into an
Excel spreadsheet using Winwedge Pro software
(TAL Technology, Philadelphia, PA).

Tumor Volume Estimation

Tumors were assumed to be solid ellipsoids whose
volume was estimated by the following formula:

volume ¼ ½4=3 � p �A � B � C � ð1þ faÞ�3�

where A = [(AP length + L length)/2]; B = (AP
width/2), C = (L width/2_; and fa = film amplifi-
cation factor (.12 in this study). AP and L refer to the
anterior-posterior and lateral plane film views of the
tumor leg; and length and width refer to digital cal-
iper measurements (cm) of the tumors� maximum
length and width within the film views.

Microvessel Density Analysis

Immunohistochemical staining of tumor and nor-
mal bone specimens was performed with an auto-
mated stainer (Discovery System, Ventana Medical
Systems; Tucson, AZ). All reagents (Ventana Medi-
cal Systems, Tucson, AZ) were incubated at 37�C.
Briefly, 4-lm sections were cut and mounted on
positively charged slides, the paraffin removed, and
the sections rehydrated with descending alcohol
concentrations to buffer. Antigen retrieval was with
protease 1 incubation for 16 minutes. The sections
were incubated for 12 hours with a monoclonal anti-
CD31 antibody at a dilution of 1:100 (Dako, Car-
pinteria, CA, clone JC70A). A prediluted, universal
biotinylated secondary antibody and a diam-
inobenzidine (DAB) MAP detection kit (Ventana
Medical Systems, Tucson, AZ) were used to detect
the immunoreactive complexes. The slides were then
counterstained with Mayer hematoxylin.
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Image analysis was performed by KS-400 system
software (Carl Zeiss, Thornwood, NY). Five semi-
random hot zone images were taken for each speci-
men with a Carl Zeiss Axioplan 2 imaging scope
coupled with an AxioCam HRc Carl Zeiss camera.
By using a threshold feature, DAB-stained pixels
were converted to white and unstained pixels to
black. MVD was determined as the number of white
pixels over total pixels. The camera exposure and
threshold levels were constant for the acquisition and
analysis of all images.15

Stage 1: Characterization

Normal Dogs

IFP, blood flow, pH, and PO2 were measured in the
left proximal humeri and adjacent triceps muscles of
four normal dogs scheduled for euthanasia. While the
dog was under the anesthesia described above, the
humerus was exposed by blunt dissection. Entry holes
were made into the bone cortex by using a 1.22-mm-
diameter Kirshner wire to accommodate the probes.
After signals stabilized, the probes were removed and
placed into adjacent triceps muscle. Dogs were
euthanized by intravenous sodium pentothal.

Tumor-Bearing Dogs

Two dogs with proximal humeral OS and scheduled
for amputationwere used in this component. The LDF
and Wick-in–Needle probe probes were positioned
near the tumor center 1 cm from each other. Figure 1 is
a photomontage from the dog B study showing the
ALS equipment and its implementation. Figures 2a
and b show the drain, IFP, and LDF locations in the
two dog tumors. IFP, TBF, and electrocardiogram
signals were recorded as vacuumwas applied.After the
signals stabilized, the vacuum was turned off. This
sequence was repeated several times over a 30-minute
period. Amputation was performed when data acqui-
sition ended. From January 2000 to April 2003, dogs
with histologically confirmed appendicular OS were
recruited into the clinical trial. Dogs were excluded if
they had previously received chemotherapy or radio-
therapy, or if metastasis was detected on their chest
radiographs. Two therapeutic protocols were used
during this period. The original included a 2-week
observation period after measurements and drug
administration before amputation. The final protocol
eliminated the observation periodmatching the typical
treatment for dog OS.16 All dogs received one LDF
probe, one PO2 electrode, and one drain positioned in
the tumors� central region. To facilitate monitoring

TBF and PO2 before tumor decompression, the LDF
probe was positioned first, followed by the PO2 elec-
trode and finally the ALS drain.

Procedures

After the intratumoral LDF and PO2 signals sta-
bilized and the dog was hemodynamically stable, it
was randomly assigned to receive -80 mm Hg vacuum
or 0 mm Hg (control). Carboplatin (300 mg/m2)
(Bristol-Meyers-Squibb, Princeton, NJ) infusion
started 10 minutes after the LDF signal stabilized
after vacuum application, or 20 minutes after drain
insertion in control dogs. Administration was via
infusion pump over 10 minutes. Data acquisition was
stopped 10 minutes after infusion ended. Tumor, ta-
ken from regions adjacent to the drain, and arterial
blood plasma were flash frozen in liquid N2 and
stored at -26�C. The specimens� platinum content was
analyzed by atomic absorption spectroscopy by the
MSKCC Clinical Chemistry Laboratory. Carbopla-
tin levels were computed by multiplying the measured
platinum levels with the stoichiometric ratio of car-
boplatin to platinum (i.e., 371.25/195.08).

Statistical Analysis

Statistical analysis was performed by SPSS soft-
ware, version 12 (SPSS, Chicago, IL). The Student t-
test was used with the carboplatin, blood flow, and
PO2 data; the Mann-Whitney U-test was used with
the ALP and percentage of necrosis data. Kaplan-
Meier analysis was used with the survival data. Log
rank, Breslow, and Tarone-Ware statistics and sig-
nificance tests were performed on the following four
data sets: ALS with vacuum on; ALS with no vac-
uum; no ALS; and no treatment.

RESULTS

Stage 1: Characterization Study

Normal Dogs

Table 1 summarizes IFP, local blood flow, PO2,
and pH from the normal humeri and adjacent triceps.
No statistically significant difference was observed
for any parameter between bone and muscle.

Tumor-Bearing Dogs

Figures 2a and b are data recording segments from
the two characterization studies. Figure 2a is from
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the first study, an OS tumor that was rigid on pal-
pation; Fig. 2b is from the second study, an OS tu-
mor that was compressible on palpation. In both

figures, IFP lowered when vacuum was applied and
increased when vacuum was removed. The time
constant to reduce IFP from the rigid tumor was 1.5

FIG. 1. Image montage of artificial lymphatic system (ALS) equipment; when inserted into tumor and when connected to house vacuum.
The image set is that of dog B.

FIG. 2. Annotated data recording of interstitial fluid pressure (IFP), laser Doppler blood flow (LDF) blood flow signal, and electrocardiogram
from dogs A and B. The time base for dog A is shown 20· faster than for dog B to visualize the faster response of LDF and IFP after vacuum
application to drain. Dog A had rigid tumor matrix; dog B had compressible tumor matrix. The artificial lymphatic system (ALS) drain, LDF
(solid circles), andWick-in–Needle (WIN) (open circles) probe locations associated with the data tracings are shown to the right of the tracings.
The larger circles are the suture rings surrounding the drain opening. Site numbers refer to chronological measurement locations.
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to 2 seconds, whereas it was 1.5 to 2 minutes for the
compressible tumor. Subsequent pressure reductions
were slower than the first. The LDF signal increased
sharply when vacuum was first applied. This initial
response reflects the movement of fluid within the
matrix into the drain. The time constants associated
with flow changes were 2.5 to 3.5 seconds for the rigid
tumor and 2.4 to 3 minutes for the compressible tu-
mor.

Stage 2: Clinical Trial

Fourteen dogs entered the trial (Table 2). Diag-
noses of OS were confirmed by biopsy; disease of 13
dogs were osteoblastic and was fibroblastic in 1.

Tumor Blood Flow

Figure 3 summarizes the ALS influence on TBF.
One vacuum-treated dog and two control dogs were
excluded as a result of instrumentation malfunction.
The figure presents TBF immediately before drain
insertion and carboplatin infusion.
Flow significantly increased, on average, by 314%

in the vacuum-treated dogs (P < .03). As a result of
simply inserting the drain into the tumors, the aver-
age flow increased by 126% (P < .15). The vacuum
precarboplatin group had a 48% higher mean flow
than the control precarboplatin group, which was not
significant (P < .19).

Carboplatin Uptake

Carboplatin concentration (ng carboplatin/g tis-
sue) (mean ± SEM) in tumor specimens was
16.6 ± 5 (vacuum treated) and 8.1 ± 2.3 (control).

The value from one control dog was excluded because
of blood contamination; data from this dog were also
excluded from the blood flow analysis. The vacuum-
treated group had a 51% higher concentration than
the control group (P = .07). Plasma levels were lower
in the vacuum group, 43.3 ± 7.5 mg/L, versus the
control group, 50.7 ± 5.8 mg/L, but this was not
statistically significant.

ALP Change and Percentage of Tumor Necrosis

Percentage changes (mean ± SD) in serum ALP
were measured in 4 vacuum-treated dogs (-20.7% ±
46.1%) and 4 control dogs (10.2% ± 59.7%). ALP
decreased in three of the four vacuum-treated dogs and
in one of the four control dogs; however, the means
were not statistically different (P = .6). Percentage of
necrosis (mean ± SEM) was measured 2 weeks after
treatment in 7 of the 10 dogs studied under the original

TABLE 1. Normal dog values of PO2, blood flow, pH, and IFP (n = 4; mean ± SEM)

Location PO2 Flow (mm Hg) pH (mL/min/100 g) IFP (mm Hg)

Left proximal humerus 166.6 ± 39.6 3.0 ± 2.2 7.3 ± .1 17.2 ± 10.0
Left triceps 161.2 ± 29.7 6.1 ± 1.7 7.0 ± .2 5.8 ± 6.3

IFP, interstitial fluid pressure.

TABLE 2. Demographics of dogs recruited into clinical trial (mean ± SEM)

Group Age (y) Sex/status Weight (kg) Tumor location Tumor volume (cm3)

Vacuum treated
(n = 7)

9.2 ± .7 5 male/castrate;
2 female/spay

40 ± 5.4 2 proximal humerus,
2 distal femur,
2 distal radius,
1 distal tibia

137.8 ± 108.3

Non–vacuum treated
(n = 7)

7.6 ± .8 4 male/castrate;
3 female/spay

42.4 ± 4.9 2 proximal humerus,
1 tarsus, 3 distal radius,
1 distal tibia

73.0 ± 43.4

FIG. 3. Influence of artificial lymphatic system (ALS) decom-
pression on tracheal blood flow (TBF) before drain insertion (Pre-
Drain) and after a 10-minute application of vacuum to drain
immediately before infusion of carboplatin (Pre-Carbo)
(mean ± SEM).
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protocol, 4 from the vacuum-treated group
(18% ± 14%) and 3 from the control group
(67% ± 29%); however, the means were not statisti-
cally different (P = .21). A percentage necrosis map
from one vacuum-treated dog illustrates the hetero-
geneity of tumor response observed and the vacuum
influence on percentage of necrosis surrounding the
drain (Fig. 4).

Oxygen Tension

PO2 (mean ± SEM) was successfully measured in
five vacuum-treated and four control dogs. Probe
breakage and excessive drift of pre- and poststudy
calibration values precluded data acceptance from
the other dogs. PO2 in the vacuum-treated group (n =
5) before drainage and before carboplatin infusion
were 30.2 ± 14.9 mm Hg and 38.2 ± 19.3 mm Hg,
respectively. The mean PO2 increase, 27%, was not
significant (P = .3). PO2 in the control group (n = 4)
after probe insertion and before carboplatin infusion
were 46.9 ± 27.0 mm Hg and 47.0 ± 44.2 mm Hg,
respectively; no PO2 increase occurred (P = .3).
The average tumor PO2 (n = 9) measured after

drain placement was 42.1 ± 13.7 mm Hg, which was
significantly lower than the average value measured
in the humerus of the normal dogs, 166.6 ± 39.6 mm
Hg (P < .003).

Microvascular Density

Mean MVDs in comparable regions of tumor and
normal bone were not significantly different (P >
.16); however, tumor and normal bone mean MVD
was greater in front limb than hind limb locations

(Fig. 5). A significant difference (P < .03) was ob-
served between the normal femur and radius MVD.

Long-Term Survival

Survival of animals in the two ALS groups (Fig. 6)
was compared with AMC historical controls.14 From
1993 to 1998, a total of 29 dogs with OS received no
treatment, and 35 dogs were treated with amputation
and chemotherapy. The median survival for the
control (no treatment) and amputation and chemo-
therapy cohorts was 48 days and 380 days, respec-
tively, whereas the median survival for the ALS
vacuum-treated and ALS non–vacuum-treated
groups was 148 days and 209 days, respectively.
By intent-to-treat analysis, there was no survival

difference between the two ALS groups (P > .1).

FIG. 4. Percentage of tumor necrosis map illustrating carbopla-
tin�s heterogeneous tumor response and the enhanced therapeutic
effect of the region influenced by artificial lymphatic system (ALS)
drainage.

FIG. 5. Microvascular density (MVD) (mean ± SD) in osteosar-
coma and normal bone, front leg versus hind leg. The relationship
for tumor and normal bone is equivalent, i.e., MVD is greater in
front leg than hind leg, reflecting weight bearing of bone.

FIG. 6. Kaplan-Meier survival curves comparing both artificial
lymphatic system (ALS) treatment cohorts.
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However, a significant improvement (P < .03) was
observed between both ALS groups and the control
group (no AMC treatment). Further, there was no
difference between both ALS groups and the historic
AMC amputation and chemotherapy group (P > .1).

DISCUSSION

The central tumor regions were implanted with
ALS drains because they typically have the highest
IFP and lowest blood flow, PO2, and pH values, and
this is the region where drug delivery is most com-
promised. IFP, TBF, PO2, and pH are not homoge-
neous within a solid tumor; rather, IFP decreases
while TBF, PO2, and pH increase from the tumor
center to its interface with normal tissue. These
parametric relationships are theoretically antici-
pated1,2 and have been experimentally confirmed in
rat tumors.2,4 We assumed that aspirating OS from
its central region would influence its entire volume.
However, the percentage of necrosis variability
(Fig. 4) implies that ALS decompression primarily
influences regions surrounding the drain, suggesting
that these tumors� physical properties may be com-
partmentalized.
The clinical findings indicate that in OS a vacuum-

activated ALS was capable of increasing regional
TBF to levels that approach those measured in the
proximal humeri of our normal dogs and that uptake
of systemically administered carboplatin was greater
than levels measured in control tumors. Although no
published reports of carboplatin levels in dog OS
have been identified, our values are equivalent to or
greater than values published in human studies that
used carboplatin to treat head and neck cancer17 and
uterine and cervical cancer.18 Those studies report
platinum concentrations of 1.4 ± .03 (n = 11) and
6 ± 1.3 (n = 9) ng Pt/mg tumor, respectively, after
systemic administration of carboplatin at doses of
250 to 500 mg/m2. The platinum concentrations for
vacuum-treated and control OS are 8.7 ± 6.6 (n =
7) and 4.3 ± 3.1 (n = 6) ng Pt/mg tumor, respec-
tively.
As was previously demonstrated in the rat dual

tumor studies,2 ALS significantly increased drug up-
take over control tumors (P < .05). However, several
factors distinguish the canine OS study from the rat
dual-tumor study.2 This dog study reflects the clinical
situation where spontaneously occurring disease
within heterogeneous patient and tumor populations
are used to evaluate the efficacy of a treatment. The
rat studies used dual xenograft tumors of identical

size (2 cm diameter) and characteristics; each rat
served as its own control. The dog OS locations,
matrix characteristics, and dimensions varied be-
tween and within dogs in the two trial cohorts. These
structural parameters influenced the rate and extent
of the drainage effect (Fig. 2) and reduced the power
of our findings. Abe et al.19 demonstrated that tumor
size influences the heterogeneity of response in tu-
mors after chemotherapy.
Blood flow and PO2 values measured in the normal

bone were higher than those measured in the OS
central tumor regions. The mean value for normal
dog humeral blood flow, 3.0 ± 2.2 mL/min/100 g,
was obtained by LDF, a real-time local measurement
technique. It is similar to values reported for normal
dog humeral blood flow measured by a microsphere
technique, i.e., 3.57 mL/min/100 g,21 which is a
whole-organ averaging technique. Similarly, normal
dog proximal humeral PO2 and pH obtained with
in situ polarographic and pH microelectrodes, i.e.,
166.6 ± 39.6 mm Hg and 7.3 ± .1, respectively, are
equivalent to values reported for normal dog humeral
diaphysis, i.e., 135 mm Hg and 7.43, for comparable
anesthesia mixtures20 by using anaerobically drawn
blood from the humerus and measured with a blood
gas analyzer. The similarity of our flow, PO2, and pH
values to published values supports the validity of
our measurement technology and the regional values
we report herein.
Li et al.21 report that mean humeral cortical flow is

far higher than mean femoral cortical flow, i.e., 2.9
mL/min/100 g, reflecting increased weight bearing. In
large-breed dogs, such as those we enrolled onto our
clinical trial, weight distribution is 60% to 70% front
limbs, 40% to 30% hind limbs.22,23 This relationship
is consistent with our observations that humeral
MVD is far greater than femoral MVD and suggests
that the variation associated with the mean blood
flow we report are related in part to the tumors�
anatomic locations (Fig. 5).
The neoadjuvant therapeutic approach initially

used in this clinical trial, although similar to human
therapy,24 is not always used for dog OS.16 Despite
the increased carboplatin uptake, some tumors con-
tinued to grow during the interval between adminis-
tration and amputation. Further, the extent of tumor
necrosis findings, although from a small cohort,
indicated that there was no treatment advantage in
the vacuum-treated versus control dogs. The lack of
tumor shrinkage forced a decision to modify the
protocol to match typical treatment for dog OS.
The improved drug delivery in ALS vacuum-trea-

ted OS tumors conferred no survival advantage over
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the ALS non–vacuum-treated group; both groups�
survival was equivalent to a historical treatment
group of amputation and chemotherapy. A recent
study25 that used amputation followed by carboplatin
(175 mg/m2 intravenously, day 1) and doxorubicin
(15 mg/m2 intravenously, day 2) resulted in a median
survival time of 235 days (n = 24), which is equiva-
lent to the AMC amputation and chemotherapy
historic cohort, as well as our ALS groups that were
treated with carboplatin. The lack of survival differ-
ences between both ALS-treated groups and the his-
toric treatment group suggests that drain insertion
into tumors did not expose the dog to additional risk
from tumor cells escaping into the circulation. ALP
changes support this observation because 2 to 4
weeks after amputation, ALP changes reflecting sys-
temic disease burden12 were lower in the vacuum-
treated dogs. Because amputation was the planned
local therapy, no comment can be made about how
ALS may influence limb-sparing local resection sur-
gery, an important issue in managing human OS.
The image analysis approach used for the MVD

analysis has been extensively used and published in
both dog26,27 and human tumor MVD analysis.28 We
adapted the method of Kent et al.,27 who analyzed
MVD in canine thyroid neoplasms with CD31 and
factor VIII–related antigen immunohistochemistry
and identified different subsets of vessels with the two
markers that suggested that CD31 identified both
established and new vessels; factor VIII–related
antigen identified established vessels. Other studies
determining tumor vascularity in hot spots by this
computerized method as compared with manual
counts have demonstrated that image analysis is more
reliable and objective.15,28–30

The tumors� continued growth after chemotherapy
and their equivalent MVD with normal tissue
prompted us to investigate other factors that could
reduce the chemotherapy�s effectiveness. A Spälteholz
technique was used to investigate the microvascular
distribution of dog appendicular OS.31 This method
visualized the tumor�s patent capillaries by infusing
Higgins India ink into the primary artery of an
amputated tumor-bearing limb. The ink�s 3.8- to 5.9-
lm-diameter carbon particles32 move into vessels
whose luminal diameters are less than the ink particle
diameter. When the tissue is sectioned and clarified,
the presence of the particles indicate the tissues�
capillary distribution. We observed that dog OS has a
heterogenous distribution of microvessels and seems
less vascularized than normal adjacent bone. How-
ever, immunohistologic measures indicate that MVD
was no different in OS and normal tissue in our study

dogs. Taken together, the Spälteholz and histologic
findings suggest that canine OS displays a MVD
equivalent to normal bone, but that its capillary lu-
men diameters preclude the entry of particles or cells
whose diameter is >4 to 5 lm. The reduced internal
diameter may be attributed to tumor compression of
the capillary vessels.33 This observation may explain
the modest PO2 increase after ALS drainage. We
propose that although the ALS reduced IFP and in-
creased TBF and drug uptake, the absence of an
adequate capillary distribution network reduced the
effectiveness of the single-drain ALS used in this
study. It remains to be determined how these ana-
tomic and physiologic changes translate into hetero-
geneous response to chemotherapy depicted in Fig. 3
or tumor progression.34

Recent cell culture studies performed with human
OS lines grown under hydrostatic pressures equiva-
lent to dog OS IFP determined that at least some OS
are more proliferative35 and sensitive to chemother-
apeutic agents than cells grown at atmospheric pres-
sure.36 The findings suggest that neoadjuvant
chemotherapy should be more effective if OS trans-
port barriers were reduced to enable therapeutically
important levels of drug to enter the tumor intersti-
tium.
The clinical use for this technology has theoreti-

cal benefits and risks, and the technique will need
to be adapted to the local tumor situation.
Increasing blood flow within the tumor�s patent
vessels by using an ALS may be a useful adjunct
for the local treatment of solid tumors. Larger and
more heterogeneous tumors cannot be adequately
treated with a single drain. A multidrain ALS
would be needed to enhance drug delivery and
efficacy. It was not used in this dog trial because
more drains would have weakened the bone further
and increased the risk of fracture. Finite element
mathematical modeling that considers tumor matrix
characteristics and dimensions is currently being
investigated to determine the number and optimal
placement of drains to treat tumors. If multiple
drains are used clinically, potential problems such
as cancer seeding of the drain track must be pre-
vented. Notably, such complications were not seen
in this trial.
Drug levels and distribution will reflect the distri-

bution of patent vasculature; however, the clinical
success of any ALS depends on the effectiveness of
the chemotherapeutic agent for killing or shrinking
the tumor. Potentially, this method could permit
narrower surgical margins, preserve more normal
articular and muscular tissue, and improve the
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functional result of limb-sparing surgery or radiation.
It may also be useful in shrinking liver, head and
neck, brain, and nonresectable tumors. Although
better systemic therapy is needed to improve overall
survival, enhanced local control is always desirable.
ALS drainage of tumors, although influenced by

tumor matrix characteristics, increased TBF and
carboplatin uptake, and corroborated previous rat
tumor drug uptake findings. Unexpectedly, MVD
was equivalent in OS and normal bone.
Increased drug concentration and TBF did not

translate into a better clinical outcome in this tumor.
The capillary network within canine OS causes
inadequate delivery and heterogeneous distribution
of drug to and throughout the tumor. For these tu-
mors, a single drain ALS is of minimal value and will
only influence regions in the vicinity of the drain. The
multidrain ALS (Figs. 1 and 2), rather than the sin-
gle-drain ALS, may be more efficacious in treating
large tumors.
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