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ABSTRACT: Threshold loading is a method of incrementally loading the inspira-
tory muscles, which requires development of an adjustable threshold pressure (Pth)
before air will flow. In the ideal device, flow is independent of pressure once Pth
is exceeded. A "'weighted plunger' apparatus is commonly used, but devices des-
cribed previously perform unreliably at high inspiratory load.

We have modified this apparatus using the diaphragm and valve seating from a
threshold valve used to deliver positive airway pressure (AMBU 10, AMBU Inter-
national, Denmark) to yield improved pressure-flow characteristics.

With this device, there was a linear relationship between Pth and weight on the
plunger (r=0.998), and flow was largely independent of pressure once Pth was exceed-
ed: pressure developed at an inspiratory flow of 1.3+0.1 /s was 13.6+7.0% below
Pth.

Our modified weighted plunger apparatus allows consistent and reliable thresh-
old loading of inspiratory muscles, even at high inspiratory loads.
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Respiratory disease can abnormally load the respira-
tory muscles. Understanding of the mechanisms by which
these muscles cope with increased loads has been great-
ly enhanced by numerous studies which have simulated
internal loads using external mechanical loading. A com-
mon method of externally loading the respiratory system
is "threshold" loading, which requires a given threshold
pressure (Pth) to be developed before air will flow. In
the ideal device, once Pth is exceeded flow increases
independently of pressure. As respiratory muscles act
to generate pressures, the method is appropriate to their
study, particularly as load is relatively independent of
flow and volume change and so cannot be manipulated
by change in respiratory pattern, and also because the
necessity to breathe provides the incentive to continue
to generate Pth.

A popular principle for threshold loading of inspira-
tory muscles is the weighted plunger apparatus, first
described by NickersoN and Keens [1]. Studies using
devices based on the plunger principle include investi-
gation of muscle responses to load [2—4], how they fatigue
[2, 5, 6], the effects of training [7, 8], and the conse-
quences of disease [9-11].

However, whilst these devices appear to perform ade-
quately at lower loads, at higher loads there is a less con-
sistent relationship between weight on the plunger, Pth,
and resistance to flow beyond Pth [1, 12]. In this paper,
we describe a modification of the NickersoN and KEENs
device [1], which provides relatively precise control of
the Pth regardless of its magnitude or of inspiratory flow.
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Methods

We constructed two threshold loading devices, one
based on the original design of NickersoN and KEgns [1],
and a modified device with improved performance char-
acteristics.

Apparatus

Original threshold loading device. A weighted inspira-
tory plunger was constructed (fig. 1). The device con-
sisted of a two-way Hans-Rudolf valve connected to a
chamber. The rubber diaphragms of the Hans-Rudolf
valve were made slightly more rigid, so as to resist dis-
tortion and maintain a seal during the generation of high
inspiratory pressures. At the base of the chamber was
a weighted plunger which rested on a rubber "O" ring
and was mounted over a large opening [1]. The plunger
extended outside the inspiratory chamber [7], and guides
inside the chamber ensured vertical displacement of the
plunger, since the pressure load produced by the valve
is highly dependent on its vertical orientation [4]. Inspi-
ratory flow was measured with a pneumotachograph
(Fleisch No. 2) which was connected between the inspi-
ratory side of the Hans-Rudolf valve and the inspiratory
plunger. Inspiratory pressure was measured at the mouth-
piece with a differential pressure transducer (model PM131,
Statham Instruments, Oxnard, Ca, USA).
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Fig. 1. — Schematic diagram of: a) the original threshold device; and b) the modified threshold device, used to provide an inspiratory threshold

load to subjects breathing on the mouthpiece. The inspiratory plunger of the original device was replaced using the diaphragm and valve seating
from an AMBU PEEP valve (see text), as were the two one-way valves. PEEP: positive end-expiratory pressure.

Modified threshold loading device. The major modifica-
tion of this original device was the substitution of the "O"
ring and plunger with the diaphragm and valve seating
from a threshold valve used to deliver positive end-
expiratory pressure (PEEP) (AMBU 10, AMBU Inter-
national, Denmark). The valve seating (internal diameter
=2.38 cm) was positioned in the base of the chamber
(fig. 1b). The central spindle running through the valve
diaphragm was lengthened a further 10.5 cm to form a
plunger, to permit addition of weights to the valve as
with the original device. A vertical guide was unnec-
essary, because the mechanical linkage of the central
spindle of the AMBU PEEP valve to its diaphragm, which
incorporates fluid damping, allows for lateral motion of
the central spindle independent of the valve diaphragm.
This coupling allowed the valve seal to be maintained
even with significant lateral movement of the plunger,
in contrast to the original device.

Distortion and leakage of the diaphragms of the Hans-
Rudolf valve during the generation of highly negative
inspiratory pressures (often in excess of 200 cmH,0) was
an intermittent problem. This was overcome by replac-
ing them with the diaphragms and valve seatings from
another two AMBU PEEP valves to form the two-way
valve system.

In addition, the interior of the inspiratory chamber was
tapered (9.2 cm high x 5.2 cm (internal diameter of base)
x 3.0 cm (internal diameter of top)) to encourage lami-
nar airflow and improve the accuracy of measurements
of inspiratory flow with the pneumotachograph (fig. 1b).
Inspiratory flow and pressure were measured as described
above.

Procedure

The pressure-flow characteristics of each device were
obtained by attaching a vacuum pump, with which flow
could be varied to the mouthpiece of the valve, and mea-
suring pressure at the mouthpiece with activation of the
pump. Pth, the pressure developed at the onset of inspi-

ratory flow, was recorded, as was the relationship between
pressure and flow beyond this threshold. One hundred
gram weights were added to the inspiratory plunger, to
a maximum of 1,200 g, to produce varying Pth. Once
Pth was achieved, flow was gradually increased and then
maintained constant (for >5 s), at each of 5-8 increments
ranging 0.240.1-1.3£0.1 I's”l. The pressure at each incre-
ment of flow was recorded, and the relationships between
pressure and flow for each device at each weight were
examined (figs 2 and 3).

Statistics

Linear regression analysis using the least-squares method
was used to examine the relationship between Pth and
weight on the plunger. All data are expressed as meantsp.

Results

The design of the inspiratory valve is the primary deter-
minant of the performance characteristics of threshold
loading devices. The original device appeared to oper-
ate reasonably satisfactorily at low weights and inspira-
tory pressures. However, at higher inspiratory pressures
the independence of inspiratory flow from pressure above
Pth was lost with resultant variability in pressure over
the range of flows examined (fig. 2). The modified device
demonstrated markedly improved pressure-flow charac-
teristics, with a linear relationship between Pth and weight
on the plunger (r=0.998; p<0.001), and flow largely inde-
pendent of pressure once Pth was exceeded: pressure
developed at an inspiratory flow of 1.3+0.1 /-s' was
13.6£7.0% below Pth (fig. 3). The size of the valve
diaphragm determines the relationship between plunger
weight and Pth: the larger diaphragm of the AMBU valve
resulted in a less negative Pth for a given weight in the
modified device than in the original.
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Fig. 2. — Pressure-flow characteristics of the original threshold device,
with various weights added to the inspiratory plunger. Performance
characteristics are similar to the device designed by NICKERSON and
Keens [1]. ——: 100 g; —0—: 200 g; —m— : 400 g; —a—: 500 g.
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Fig. 3. — Pressure-flow characteristics of the modified device, with

various weights added to the inspiratory plunger. Note the improved
performance characteristics. —O—: 200 g; —m—: 400 g; —A—: 600
g; —&—: 800g; —O—: 1,000 g; ——: 1,200 g.

Discussion

The unreliable performance at high loads of the orig-
inal device has been observed by others [12]. Indeed,
the original description of the device demonstrates an
interdependence of pressure and flow at low flows, par-
ticularly with heavy weights on the plunger [1]. Perhaps
in recognition of the problem, NickersoN and KEeens [1]
defined Pth as the pressure developed at "significant"
inspiratory flow (>0.05 [-s'), rather than the pressure
developed at the onset of inspiratory flow (see Methods).
Although they reported a close correlation between the
weight on the plunger and Pth (r=0.99; p<0.0001) [1],
it is likely to have been less impressive if our more rig-
orous definition of Pth had been used: their device demon-
strated significant leakage through the valve at pressures
below the pressure they used to define Pth. The prob-

lems of the original device at low flows appear to rel-
ate to partial lifting of the plunger from its seating on
the "O" ring (fig. 1a), with inspiratory flow occurring at
variable inspiratory pressures. This rocking of the valve
on the "O" ring is difficult to prevent, even with careful
vertical alignment of the plunger [4]. If the guides of
the original device, which maintain vertical orientation
of the plunger, are fitted too close then significant fric-
tion occurs between them and the plunger, again adverse-
ly affecting performance of the valve. The modified
device obviates the need for guides (see Methods).

Recently, BARDSLEY et al. [12] designed a solenoid
valve in an attempt to overcome these problems. In this
device, once Pth was exceeded the solenoid valve opened.
However, the device imposed a threshold load only dur-
ing initial inspiratory effort, with load disappearing for
the remainder of inspiration [13]. In contrast, the weight-
ed inspiratory plunger imposes a threshold load through-
out inspiration: if Pth is not exceeded, no inspiratory
flow can occur. A modified servo-controlled valve, desi-
gned to maintain Pth constant throughout inspiration
would be ideal, although a more complex and expensive
solution than that which we have proposed.

We have used our modified device to study breathing
pattern under load, and aspects of inspiratory muscle
fatigue and endurance [2]. In this study, seven subjects
were studied on 1716 separate occasions (=24 h apart)
during progressive threshold loading [8]. During this
series of measurements the relationship between pres-
sure measured at the mouth and the weight on the plun-
ger remained linear, so that inspiratory load could be
accurately incremented. The finding that, after a learn-
ing period, maximum Pth achieved by each subject was
reproducible with a coefficient of variation of 5+2% [2],
suggests that the device behaves reproducibly in vivo.
We believe that our modified valve provides a simple
but effective way to predictably and reliably threshold
load the inspiratory muscles.
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