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Abstract

Background: Osteopathic practitioners utilize manual therapies called lymphatic pump techniques (LPT) to treat
edema and infectious diseases. While previous studies examined the effect of a single LPT treatment on the
lymphatic system, the effect of repeated applications of LPT on lymphatic output and immunity has not been
investigated. Therefore, the purpose of this study was to measure the effects of repeated LPT on lymphatic flow,
lymph leukocyte numbers, and inflammatory mediator concentrations in thoracic duct lymph (TDL).
Methods and Results: The thoracic ducts of five mongrel dogs were cannulated, and lymph samples were
collected during pre-LPT, 4 min of LPT, and 2 hours post-LPT. A second LPT (LPT-2) was applied after a 2 hour
rest period. TDL flow was measured, and TDL were analyzed for the concentration of leukocytes and inflam-
matory mediators. Both LPT treatments significantly increased TDL flow, leukocyte count, total leukocyte flux,
and the flux of interleukin-8 (IL-8), keratinocyte-derived chemoattractant (KC), nitrite (NO2

- ), and superoxide
dismutase (SOD). The concentration of IL-6 increased in lymph over time in all experimental groups; therefore, it
was not LPT dependent.
Conclusion: Clinically, it can be inferred that LPT at a rate of 1 pump per sec for a total of 4 min can be applied every
2 h, thus providing scientific rationale for the use of LPT to repeatedly enhance the lymphatic and immune system.

Introduction

The lymphatic system is essential for interstitial fluid
homeostasis and function of the immune system.1–3 In-

terstitial fluid homeostasis is maintained by lymphatic ab-
sorption of excess interstitial tissue fluid and by transport of
this fluid, along with osmotically active proteins, parenchy-
mal cell products, inflammatory mediators, immune cells,
proteins, apoptotic cells, antigens, and infectious organisms
through the nodes to the circulation.2,4 In addition to trans-
porting immunological factors, the lymphatic system actively
participates in immune surveillance and the induction of
immune responses, while maintaining self-tolerance. Dys-
function of the lymphatic system leads to edema, impaired
trafficking of immune cells, accumulation of inflammatory
mediators, tissue hypoxia and injury, inflammation, and a
variety of diseases.5–8

Edema, whether due to lymphatic dysfunction or to other
causes, is generally treated by procedures designed to in-

crease lymph flow or prevent the accumulation of fluid into
tissue. These procedures include movement or elevation of
dependent limbs and tissue compression.9,10 When these
procedures are inadequate, pharmacological or surgical in-
terventions may be required.9–11 Osteopathic physicians have
developed manual lymphatic pump techniques (LPT) to in-
crease lymph flow.5,12 Considering the important role of the
lymphatic system in immune function, LPT is also used to
treat infections.5,12

Previously, we demonstrated that a single application of
LPT increased lymph flow and leukocyte flux in both rats and
dogs, and mobilized inflammatory mediators into lymph
circulation.13–19 These findings support the use of LPT to treat
edema and to enhance immune function. Importantly, the
effects of LPT on the lymphatic system were transient, sug-
gesting this LPT-sensitive lymph reservoir is limited.13–19 The
purpose of this study was to determine if a second application
of LPT could also enhance lymph flow, the number of leu-
kocytes, and the concentration of inflammatory mediators in
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thoracic duct lymph. Our results demonstrate that LPT can be
repeatedly applied to enhance lymph flow, leukocyte num-
bers, and the flux of inflammatory mediators. The LPT-
sensitive reservoir these techniques draw from is largely
restored by 2 h, thus supporting the clinical application of
repeated LPT.

Materials and Methods

Animals

This study was approved by the Institutional Animal Care
and Use Committee and was conducted in accordance with
the Guide for the Care and Use of Laboratory Animals (NIH
Publication no. 85-23, revised 1996). Five adult mongrel dogs,
free of clinically evident signs of disease, were used for this
study.

Surgical procedures and experimental protocols

Prior to surgery, the dogs were fasted overnight and then
anesthetized with sodium pentobarbital (30 mg/kg, IV). After
endotracheal intubation, the dogs were ventilated with room
air and supplemented with oxygen to maintain normal arte-
rial blood gases. Arterial blood pressure (AOP) was moni-
tored via a femoral artery pressure monitoring catheter
connected to a pressure transducer (Hewlett–Packard Pres-
sure Monitor, 78354A); AOP remained within normal limits
throughout the experiment. Blood samples were periodically
collected from the femoral artery catheter and assessed for
arterial blood gases and pH (GEM Premier 3000 Blood Gas/
Electrolyte Analyzer, Model 5700, Instrumentation Labora-
tory, Lexington, MA). The chest was opened by a left lateral
thoracotomy in the fourth intercostal space. The thoracic duct
was isolated from connective tissue and ligated. Caudal to the
ligation, a PE 60 catheter (i.d. 0.76 mm, o.d. 1.22 mm) was
inserted into the duct and secured with a ligature. Lymph was
drained at atmospheric pressure through a catheter whose
outflow tip was positioned 8 cm below heart level to com-
pensate for the hydraulic resistance of the catheter.

Lymphatic pump technique

LPT was performed by a medical student (A.S.) trained in
osteopathic lymphatic manipulation. During manipulation,
the anesthetized dogs were placed in a right lateral recumbent
position. To perform abdominal LPT, the operator contacted
the ventral side of the animal’s abdomen with the hands
placed bilaterally below the costo-diaphragmatic junction.
Sufficient pressure was exerted medially and cranially to
compress the abdomen until significant resistance was en-
countered against the diaphragm, and then the pressure was
released. Abdominal compressions were administered at a
rate of approximately 1 per sec for a total of 4 min.

Leukocyte enumeration and flux

Total leukocytes and a differential leukocyte count in
lymph samples were enumerated using the Hemavet 950
(Drew Scientific, Waterbury, CT). To compute TDL leukocyte
flux, leukocyte concentrations were multiplied by the re-
spective lymph flow rates for each condition. Fluxes of spe-
cific leukocyte populations, cytokines, chemokines, nitrite,
and SOD were computed in a similar manner.

Measurement of inflammatory mediators

A commercially available multiplex assay (Millipore, Bill-
erica, MA) was used to determine the concentrations of cy-
tokines and chemokines in TDL. Specifically, the cytokine IL-6
and chemokines IL-8 and KC were measured. A range of
standards provided with the multiplex assay was used, and
the assay was analyzed using the Luminex R 200 System
with the xPONENT Software Interface (Millipore). The min-
imum detectable concentrations for IL-6, IL-8, and KC were
12.1, 20.3, and 1.6 pg/mL, respectively. Cytokine/chemokine
fluxes in TDL were computed from the product of respective
concentrations and flows, as were fluxes of total leukocytes.

Thoracic lymph concentrations of nitrite (NO2
-) and SOD

were measured using commercially available kits (Promega
Corporation, Madison, WI, and Cayman Chemicals, Ann
Arbor, MI). The Promega Griess Reagent system measures
NO2

- , a nonvolatile and stable breakdown product of nitric
oxide (NO).20,21 The minimum detectable nitrite concentra-
tion for this assay is 2.5 lM. The SOD assay measures all three
forms of SOD (cytosolic Cu/Zn-SOD, mitochondrial MnSOD,
and extracellular FeSOD) by utilizing a tetrazolium salt for the
detection of xanthine oxidase and hypoxanthine-derived su-
peroxide radicals. One unit of SOD is defined as the amount of
enzyme necessary to cause 50% dismutation of the superoxide
radical. The minimum detectable SOD concentration for this
assay is 0.025 U/mL. TDL fluxes of these agents were com-
puted similarly to that of other agents, as described above.

Statistical analysis

Data are presented as arithmetic means – standard error
(SE). Values from multiple animals at respective time points
were averaged, and the mean values are shown in tables or in
figures. For evaluation of statistical significance, data were
subjected to repeated measures analyses of variance, followed
by a Student-Newman-Keuls multiple comparisons post hoc
tests. Statistical analyses were performed with GraphPad
Prism version 5.04 and GraphPad InStat version 3.06 for
Windows, (GraphPad Software, San Diego, CA). Differences
among mean values with at least p £ 0.05 were considered
statistically significant.

Results

Lymphatic pump treatment repeatedly increases
thoracic duct lymph flow

Sample collection points are illustrated in Figure 1. TDL
flow values before (pre), during, and after (post) LPT are

FIG. 1. Experimental design. Approximately 60 min after
cannulation of the thoracic duct, thoracic duct lymph (TDL)
was collected during 4 min of baseline (pre-LPT), at 1 min
intervals during 4 min of LPT (LPT 1), for 10 min (post-LPT),
90 min (rest), 4 min (pre-LPT 2), at 1 min intervals during
4 min of LPT (LPT 2), and for 10 min after cessation of LPT
(post-LPT). Lymph flow rates were calculated from the vol-
ume of lymph collected during these intervals.
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illustrated in Figure 2. Consistent with our previous re-
ports,14,16,17 LPT increased TDL flow from 0.3 – 0.1 mL/min
(pre-LPT) to an average of 6.0 – 1.2 mL/min ( p < 0.001) during
the 4 min of LPT 1. After cessation of LPT 1, lymph flow de-
creased to 0.4 – 0.1 mL/min ( p < 0.001). TDL flow did not vary
during the 2 h interval (14–124 min) between LPT 1 and LPT 2
(Fig. 2). Similar to LPT 1, LPT 2 significantly ( p < 0.001) in-
creased TDL flow from 0.3 – 0.1 mL/min during pre-LPT to an
average of 5.5 – 0.5 mL/min during LPT 2 (Fig. 2). These LPT-
induced increases in lymph flow did not differ significantly
( p > 0.05). Following LPT 2, lymph flow decreased to
0.3 – 0.1 mL/min ( p < 0.001). While lymph flow throughout
the 4 min periods of LPT 1 and LPT 2 remained significantly
elevated compared to their respective pre-LPT and post-LPT
values, both treatments caused the greatest increase in lymph
flow during the first minute of LPT (Fig. 2).

Lymphatic pump treatment repeatedly increases
thoracic duct leukocytes

The effect of LPT on total leukocyte numbers is reported
in Figure 3. Leukocyte counts were significantly elevated at
1 min ( p < 0.054) and continued to elevate at 2, 3, and 4 min
of LPT 1, as well as throughout the period of LPT 2. The
average pre-LPT 1 baseline leukocyte count was 12.1 –
3.5 · 106 cells/mL, and LPT 1 significantly increased leuko-
cyte numbers to 26.5 – 3.4 · 106 cells/mL ( p < 0.001). Ten
min following LPT 1 (14 min), the leukocyte count in TDL
remained elevated at 25.0 – 2.8 · 106 cells/mL ( p < 0.001).
By 90 min, leukocytes returned to baseline (10.5 – 1.5 · 106

cells/mL). LPT 2 significantly increased leukocyte numbers
from 7.6 – 3.1 · 106 cells/mL during pre-LPT 2 to 25.6 –
1.4 · 106 cells/mL ( p < 0.001). As seen following LPT 1, the

leukocyte count remained significantly elevated for 10 min
following LPT 2 (P < 0.01). There were no significant differ-
ences in TDL flow between LPT 1 and LPT 2.

To determine if LPT preferentially increased a specific
leukocyte population, we measured the percentage and con-
centration of neutrophils, monocytes, and lymphocytes in
TDL (Table 1). LPT 1 significantly increased the TDL count
of neutrophils ( p < 0.001) by 251%, monocytes by 116%
( p < 0.01), and of lymphocytes ( p < 0.001) by 111% compared
to pre-LPT 1. Subsequently, the count decreased post-LPT 1
by 73% for neutrophils ( p < 0.001), 72% ( p < 0.01) for mono-
cytes, and 56% for lymphocytes ( p < 0.001). In a similar fash-
ion, LPT 2 significantly increased TDL count of neutrophils by
402% ( p < 0.05), monocytes by 181% ( p < 0.01), and of lym-
phocytes by 240% ( p < 0.05) compared to pre-LPT 2. Subse-
quently, the count decreased post-LPT 2 by 36% ( p < 0.05) for
neutrophils, 29% ( p < 0.161) for monocytes, and 26% ( p < 0.05)
for lymphocytes. No significant ( p > 0.05) differences in TDL
neutrophil, monocyte, and lymphocyte counts were detected
between LPT 1 and LPT 2.

Lymphatic pump treatment repeatedly increases
thoracic duct leukocyte flux

TDL leukocyte flux values are reported in Figure 4. LPT
accelerated TDL leukocyte flux from a mean pre-LPT 1 value
of 3.9 – 1.5 · 106 cells/min to a peak value of 166 – 51 · 106

cells/min at 3 min of LPT 1 ( p < 0.001). Throughout 4 min of
LPT 1, TDL leukocyte flux remained elevated ( p < 0.001), av-
eraging 149.3 – 34 · 106 cells/min. The flux at 14 min averaged
8.8 – 2.3 · 106 cells/min ( p < 0.001) and was 3.0 – 0.7 · 106

cells/min at 90 min, suggesting the effect of LPT on TDL flux

FIG. 2. Lymphatic pump treatment repeatedly increases
thoracic duct lymph flow. See Figure 1 for protocol details.
Data are means – SE (n = 5). Data were analyzed by repeated
measures analysis of variance with Student-Newman-Keuls
post-hoc test. *Greater than respective pre-LPT and post-LPT
values ( p < 0.001). There were no significant ( p > 0.05) dif-
ferences between LPT 1 and LPT 2.

FIG. 3. Lymphatic pump treatment repeatedly increases
thoracic duct leukocytes. See Figure 1 for protocol details.
Data are means – SE (n = 5). Data were analyzed by repeated
measures analysis of variance with Student-Newman-Keuls
post-hoc test. *Greater than respective pre-LPT and post-LPT
values ( p < 0.01). **Greater than respective pre-LPT and post-
LPT values ( p < 0.001). There were no significant ( p > 0.05)
differences between LPT 1 and LPT 2.
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is transient. LPT 2 accelerated TDL leukocyte flux from a
mean pre-LPT 2 value of 2.3 – 1.0 · 106 cells/min to a peak
value of 174 – 17 · 106 cells/min at 2 min. For 4 min of LPT 2,
TDL leukocyte flux averaged 136.8 – 9 · 106 cells/min
( p < 0.001 vs. pre-LPT 2). The flux at post-LPT 2 decreased to
5.8 – 1.6 · 106 cells/min ( p < 0.001). There was no significant
( p > 0.05) difference in TDL leukocyte flux between LPT 1 and
LPT 2.

The TDL flux of neutrophils, monocytes, and lymphocytes
is reported in Table 2. LPT 1 significantly increased the flux of

neutrophils ( p < 0.001) by 5500%, monocytes by 3294%
( p < 0.001), and lymphocytes ( p < 0.001) by 3646%, compared
to pre-LPT 1. The flux decreased post-LPT 1 by 98% for neu-
trophils ( p < 0.001), 98% ( p < 0.001) for monocytes, and 98%
for lymphocytes ( p < 0.001) compared to LPT 1. Similarly, LPT
2 significantly increased the flux of neutrophils by 8114%
( p < 0.001), monocytes by 4491% ( p < 0.001), and lymphocytes
by 5613% ( p < 0.001), compared to pre-LPT 2 values. Subse-
quently, the flux decreased following post-LPT 2 by 96%
( p < 0.001) for neutrophils, 95% ( p < 0.001) for monocytes, and
96% ( p < 0.001) for lymphocytes compared to LPT 2. No sta-
tistically significant ( p > 0.05) differences in TDL neutrophil,
monocyte, and lymphocyte counts and flux were detected
between LPT 1 and LPT 2.

Lymphatic pump treatment repeatedly increases
the flux of cytokines and chemokines
in thoracic duct lymph

Concentrations of inflammatory mediators in TDL are re-
ported in Table 3. In general, inflammatory mediator con-
centrations did not significantly change during LPT when
compared with pre- and post-LPT, except post-LPT 2 values
for IL-6 were statistically greater than pre-LPT 2 (93% in-
crease) and LPT 2 (67% increase). To quantify the effect of LPT
on TDL cytokine/chemokine release, we measured three in-
flammatory mediators previously shown to increase during
LPT.14 LPT 1 significantly increased TDL flux of IL-6 (1653%;
p < 0.001), IL-8 (7223%; p < 0.001), and KC (2052%; p < 0.001)
when compared with pre-LPT 1 (Fig. 5). Subsequently, the
flux of these cytokines and chemokines decreased 94%
( p < 0.001) in IL-6, IL-8, and KC following LPT 1. Similarly,
LPT 2 significantly increased TDL flux of IL-6 (2038%;
p < 0.001), IL-8 (1575%; p < 0.001), and KC (1405%; p < 0.001)
when compared with pre-LPT 2. As seen in post-LPT 1, the
flux of cytokines and chemokines in post-LPT 2 declined
after cessation of the intervention; IL-6 decreased by 91%
( p < 0.001), and both IL-8 and KC decreased by 94%
( p < 0.001). The flux of IL-6 was greater during LPT 2 than
during LPT 1 ( p < 0.001), a reflection of the increased con-
centration of IL-6 during LPT 2. On average, LPT 2 released
184 pg/min more IL-6 into the thoracic duct lymph compared
to LPT 1.

Table 1. LPT Increases the Concentration of Leukocytes in Thoracic Duct Lymph

Pre-LPT 1 LPT 1 Post-LPT 1 Pre-LPT 2 LPT 2 Post-LPT 2

Leukocyte count ( · 106 cells/ml)
NO 0.63 – 0.29 2.21 – 0.47*** 0.59 – 0.16 0.45 – 0.26 2.26 – 0.30* 1.44 – 0.25
MO 2.09 – 0.88 4.52 – 1.10** 1.25 – 0.36 1.44 – 0.83 4.04 – 0.92{ 2.86 – 0.48
LY 9.31 – 2.38 19.6 – 2.15*** 8.64 – 1.06 5.64 – 1.97 19.17 – 0.59* 14.1 – 1.07

Percentage of leukocytes
NO 4.3 – 0.9 7.9 – 0.8** 5.1 – 0.7 4.7 – 0.7 8.6 – 0.8{ 7.5 – 0.9
MO 14.9 – 2.7 16.4 – 2.3 11.2 – 2.2 15.9 – 2.3 15.2 – 2.5 15.3 – 2.2
LY 80.8 – 3.6 75.4 – 3.1 83.5 – 2.7 79.0 – 3.0 75.9 – 3.2 76.9 – 2.6

Thoracic duct lymph was collected over ice from five anesthetized dogs and analyzed.
LPT, lymphatic pump technique; LY, lymphocytes; MO, monocytes; NO, neutrophils.
Data are means – SE (n = 5). Data were analyzed by repeated measures analysis of variance with Student-Newman-Keuls post-hoc test.

*Greater than respective pre-LPT and post-LPT values ( p < 0.05). **Greater than respective pre-LPT and post-LPT values ( p < 0.01). ***Greater
than respective pre-LPT and post-LPT values ( p < 0.001). {Greater than respective Pre-LPT ( p < 0.01). There were no significant ( p > 0.05)
differences between LPT 1 and LPT 2.

FIG. 4. Lymphatic pump treatment repeatedly increases
thoracic duct leukocyte flux. See Figure 1 for protocol details.
Data are means – SE (n = 5). Data were analyzed by repeated
measures analysis of variance with Student-Newman-Keuls
post-hoc test. *Greater than respective pre-LPT and post-LPT
values ( p < 0.05). **Greater than respective pre-LPT and post-
LPT values ( p < 0.01). ***Greater than respective pre-LPT and
post-LPT values ( p < 0.001). There were no significant
( p > 0.05) differences between LPT 1 and LPT 2.
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Lymphatic pump treatment repeatedly increases
the flux of superoxide dismutase and nitrite
in thoracic duct lymph

Neither LPT 1 nor LPT 2 significantly altered the concen-
trations of nitrite and SOD in TDL (Table 3). The effect of LPT
on SOD flux is presented in Figure 6. LPT increased SOD
flux in TDL, 2418% from 1.2 – 0.07 U/min pre-LPT 1 to
30.21 – 1.53 U/min during LPT 1 ( p < 0.001), and 1848% from
1.41 – 0.15 U/min pre-LPT 2 to 27.46 – 0.39 U/min during LPT
2 ( p < 0.001). Post-LPT decreased SOD flux in TDL, 95% to
1.47 – 0.20 U/min ( p < 0.001) during post-LPT 1 and 95% to
1.40 – 0.04 U/min ( p < 0.001) during post-LPT 2. During the
4 min period of LPT 2, average SOD flux was 2.75 U/min less
than compared to the same period of LPT 1.

The effect of LPT on nitrite flux is presented in Figure 7. LPT
1 increased nitrite flux 1356% in TDL from 2.22 – 0.27 lM/min
pre-LPT 1 to 32.33 – 2.49 lM /min ( p < 0.001), and LPT 2 in-
creased nitrite flux 1240% in TDL from 1.50 – 0.35 lM/min
pre-LPT 2 to 20.10 – 2.98 lM/min ( p < 0.001). Nitrite flux
decreased 96% to 1.46 – 0.15 lM/min ( p < 0.001) during post-
LPT 1 and 92% to 1.59 – 0.38 lM/min ( p < 0.001) during post-
LPT 2. During 4 min of LPT 2, average nitrite flux was
12.23 lM/min less than compared to the same period of LPT 1
( p < 0.001).

Discussion

Animal studies have shown that LPT increased TDL flow in
healthy conscious dogs,13 in conscious dogs with abdominal
edema induced by inferior vena cava constriction,19 and in
conscious dogs after extracellular fluid volume expansion.18

In anesthetized dogs, LPT increased TDL flow, leukocyte
count and flux,16 inflammatory mediators,14 and mobilized
leukocytes from mesenteric lymph nodes.17 In addition, LPT

increased lymph flow and the mobilization of gastrointestinal
lymphoid tissue derived leukocyte counts of both dogs and
rats.15,17 The aim of the present study was to gain new in-
formation on replenishment of LPT-sensitive lymph reser-
voirs by repeating LPT after a 2 h resting interval. We found
both LPT 1 and LPT 2 produced similar increases in TDL flow,
TDL leukocyte concentration, and the lymphatic flux of leu-
kocytes and immune mediators. In addition, the results con-
firmed prior findings that LPT mobilizes TDL flow and
immune factors in anesthetized dogs.14,16,17

Our results demonstrate that LPT mobilizes lymph from a
reservoir that depletes during 4 min of LPT, but is replenished
by 2 h. At rest, the majority of the TDL is derived from the
liver (*30%) and intestines (*70%),22–24 with small contri-
butions from the thoracic cavity and lower extremities.22,25

Thus, we speculate that during the 2 h resting interval be-
tween LPT 1 and LPT 2, this fluid pool was mainly re-
plenished by lymph formed in the abdominal viscera.

LPT repeatedly enhanced the release of leukocytes into
lymphatic circulation, as demonstrated by an increase in
leukocytes/mL. This increase in leukocyte numbers was seen
at 1 min of LPT, suggesting LPT quickly mobilizes leukocytes
into lymphatic circulation. While greatly reduced compared
to the leukocytes released during LPT, TDL leukocyte con-
centrations remained elevated at 10 min post-LPT, indicating
the LPT-sensitive leukocyte reservoir continues to release cells
after the cessation of LPT. Since leukocytes directly kill
pathogens or induce an antigen-specific immune response via
the lymph nodes,1,3 the ability to repeatedly mobilize leuko-
cytes and other immune factors by repeated LPT should have
important clinical implications.

Although the lymphatic flux of SOD was similar during
LPT 1 and LPT 2, the flux of NO2

- , an index of NO, was
reduced during LPT 2. NO in lymph is derived from the

Table 2. LPT Increases Thoracic Duct Leukocyte Flux

Pre-LPT 1 LPT 1 Post-LPT 1 Pre-LPT 2 LPT 2 Post-LPT 2

Leukocyte flux ( · 106 cells/min)
NO 0.20 – 0.10 11.2 – 1.86* 0.18 – 0.07 0.14 – 0.08 11.5 – 1.06* 0.46 – 0.13
MO 0.66 – 0.29 22.4 – 4.10* 0.40 – 0.16 0.44 – 0.25 20.2 – 2.7* 1.00 – 0.36
LY 3.07 – 1.15 115 – 28.6* 2.45 – 0.51 1.74 – 0.62 99.4 – 11.9* 4.32 – 1.12

Thoracic duct lymph was collected over ice from five anesthetized dogs and analyzed.
LPT, lymphatic pump technique; LY, lymphocytes; MO, monocytes; NO, neutrophils.
Data are means – SE (n = 5). Data were analyzed by repeated measures analysis of variance with Student-Newman-Keuls post-hoc test.

*Greater than respective pre-LPT and post-LPT values ( p < 0.001). There were no significant ( p > 0.05) differences between LPT 1 and LPT 2.

Table 3. Lymphatic Pump Treatment Did Not Significantly Alter the Concentration

of Inflammatory Mediators in TDL

Pre-LPT 1 LPT 1 Post-LPT 1 Pre-LPT 2 LPT 2 Post-LPT 2

IL-6 (pg/mL) 48 – 8 45 – 5 47 – 6 71 – 6{ 82 – 5{ 137 – 35{*
IL-8 (pg/mL) MDL 80 – 9 84 – 8 89 – 6 81 – 2 84 – 14
KC (pg/mL) 321 – 47 370 – 55 401 – 62 524 – 65 428 – 38 454 – 66
NO2

- (lM) 6.9 – 0.8 5.4 – 0.4 4.4 – 0.5 5.0 – 1.2 3.6 – 0.5 5.3 – 1.3
SOD (U/mL) 3.8 – 0.2 5.0 – 0.3 4.4 – 0.6 4.7 – 0.5 5.0 – 0.1 4.6 – 0.1

Thoracic duct lymph was collected over ice from five anesthetized dogs and analyzed.
IL, interleukin; KC, keratinocyte-derived chemoattractant; LPT, lymphatic pump technique; MDL, minimum detection limits (6.51 pg.ml);

NO2
- , nitrite; SOD, superoxide dismutase. Data are means – SE (n = 5). {Greater than respective LPT 1 ( p < 0.001).*Greater than LPT 2 and

Pre-LPT 2 ( p < 0.001). Repeated measures analysis of variance with Student-Newman-Keuls post-hoc test.
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lymphatic endothelium, where it regulates phasic contrac-
tions and lymph flow.31,32 Specifically, increasing lymph flow
induces the production and release of NO from lymphatic
endothelial cells.32 LPT did not increase the concentration of
NO in TDL. It is possible that NO was released during LPT,
but when the lymph flow increased the NO was diluted;
therefore, an increase in NO concentration was not seen.
Furthermore, the flux of NO during LPT 2 was significantly
reduced compared to LPT 1, suggesting it takes more than 2 h
to fully replenish the NO precursors in the endothelium.

A high lymph flow rate can also inhibit the intrinsic lymph
pump, which is predominantly due to the production of
NO.32–35 It has been proposed that this flow-dependent inhi-
bition of the intrinsic active lymph pump may have evolved to
save energy when the lymphatics do not need to generate

lymph flow, because another upstream mechanism, such as
elevated interstitial fluid pressure, is generating flow.35

Therefore, it is possible that the increase in TDL flow/sheer
generated during LPT may relax lymph vessel tone and
suppress the intrinsic pump, thus sparing pumping energy
within the lymphatic system. This would be particularly im-
portant during the management of edema; however, further
studies are required to support this hypothesis.

While LPT increased the lymphatic flux of cytokines, KC,
SOD, and NO2

- , it is interesting that LPT failed to signifi-
cantly increase the lymphatic concentration of these inflam-
matory mediators. Since their increase was flow-dependent,
LPT likely mobilizes lymph pools that contain inflammatory
mediators. Exceptions were IL-6 and IL-8. The gradual in-
crease in the lymphatic concentration of IL-6 was not LPT-
mediated but more likely related to surgical stress.36–39 In
support, IL-6 is a pro-inflammatory cytokine that has been
shown to increase in the plasma following surgery,36 laparo-
scopic procedures,37 and cardiopulmonary bypass.39 On the
other hand, TDL levels of IL-8 were at the minimal detection
limit (6.51 pg/mL) and quickly rose (80 – 9 pg/mL) in re-
sponse to LPT 1. Furthermore, IL-8 remained increased dur-
ing the duration of the experiment. This result suggests that
LPT 1 was able to stimulate the continuous release of IL-8 into
lymphatic circulation and LPT 2 did not further enhance this
release; however, the source of this IL-8 and the mechanism
responsible for this increase is not clear.

Previous studies measured the effect of lymph flow/shear
on lymph vessel function using isolated pressurized ducts,
where transmural pressure and flow were imposed in vitro.32–36

While we did not measure the effect of LPT directly on the
function of the lymphatic vasculature, we were able to study
the effect of enhancing lymph flow on immune cell concen-
tration and inflammatory mediators in vivo. The increase in
lymph flow generated during LPT likely affects lymphatic
endothelium; however, further studies are needed to confirm
this hypothesis. A distinct advantage to our model is that it
allows us, and others, to examine the effect of enhancing
lymph flow on the development and/or resolution of disease

FIG. 5. Lymphatic pump treatment repeatedly increases
thoracic cytokine and chemokine flux. See Figure 1 for pro-
tocol details. Data are means – SE (n = 5). Data were analyzed
by repeated measures analysis of variance with Student-
Newman-Keuls post-hoc test. *Greater than respective pre-
LPT and post-LPT values ( p < 0.001).

FIG. 6. Lymphatic pump treatment repeatedly increases
thoracic duct SOD flux. See Figure 1 for protocol details.
Data are means – SE (n = 5). Data were analyzed by repeated
measures analysis of variance with Student-Newman-Keuls
post-hoc test. *Greater than respective pre-LPT and post-LPT
values ( p < 0.001). There were no significant ( p > 0.05) dif-
ferences between LPT 1 and LPT 2.

FIG. 7. Lymphatic pump treatment repeatedly increases
thoracic duct nitrite flux. See Figure 1 for protocol details.
Data are means – SE (n = 5). Data were analyzed by repeated
measures analysis of variance with Student-Newman-Keuls
post-hoc test. *Greater than respective pre-LPT and post-LPT
values ( p < 0.001). {Different from LPT 1 ( p < 0.001).
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in vivo. For example, in support, recent animal studies dem-
onstrated LPT has a positive effect on infection40 and edema.19

Some limitations of the current study must be recognized.
While in general, findings in anesthetized animals have been
consistent with our more limited observations in conscious
instrumented dogs,13,14,16–19 confirmation of the current find-
ings in a conscious model would be valuable. LPT was re-
peated only once after a 2 h resting interval, due to concern
about the stability of the anesthetized animal; therefore, more
applications of LPT may continue to enhance the lymphatic
system. It is also not known if these LPT-sensitive lymph pools
replenish before 2 h. Clearly, a more extensive study with
more repetitions of LPT at different intervals, are warranted.

In conclusion, we have demonstrated that LPT can be re-
peated within a 2 h period to stimulate the entry of leukocytes
into lymph and mobilize lymph pools containing inflamma-
tory mediators into central lymphatic circulation. This finding
provides new insight into the kinetics of lymph formation
following manual stimulation. Furthermore, clinical guide-
lines for the duration and frequency of LPT are inconsistent
and poorly defined;5,12,26–30 therefore, the information gained
from this study may encourage a more standardized and
aggressive use of LPT during the treatment of infection and
edema by osteopathic physicians and other manual medicine
practitioners.
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