
In the anaesthetized cat, the resting membrane potential of

inspiratory motoneurones fluctuates with the respiratory

cycle as they are depolarized during inspiration and hyper-

polarized during expiration (Sears, 1964; Smith et al. 1988;

for review see Monteau & Hilaire, 1991). In the cat, two

separate pools of phrenic motoneurones have been

described, those recruited ‘early’ and those recruited ‘late’

in inspiration (Hilaire et al. 1972; Nail et al. 1972; Berger,

1979; Dick et al. 1987). Activation of the diaphragm is

achieved both by increases in the discharge frequency of

phrenic motoneurones and by recruitment of additional

motoneurones (Hilaire et al. 1972, 1983; Nail et al. 1972;

Iscoe et al. 1976; Road & Cairns, 1997). In spinal and

anaesthetized cats, recruitment of the phrenic motoneurones
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1. The behaviour of inspiratory motoneurones is poorly understood in humans and even for

limb muscles there are few studies of motoneurone behaviour under concentric conditions.

The current study assessed the discharge properties of the human phrenic motoneurones

during a range of non-isometric voluntary contractions.

2. We recorded activity from 60 motor units in the costal diaphragm of four subjects using an

intramuscular electrode while subjects performed a set of voluntary inspiratory contractions.

These included a range of inspiratory efforts above and below the usual tidal range: breaths

of different sizes (5—40% vital capacity, VC) at a constant inspiratory flow (5% VC s¢) and

breaths of a constant size (20% VC) at different inspiratory flows (2·5—20% VC s¢).

3. For all the voluntary tasks, motor units were recruited throughout inspiration. For the

various tasks, half-way through inspiration, 61—87% of the sampled motor units had been

recruited.

4. When the inspiratory task was deliberately altered, most single motor units began their

discharge at a particular volume even when the rate of contraction had altered.

5. The initial firing frequency (median, 6·5 Hz) was consistent for tasks with a constant flow

regardless of the size of the breath. However, for breaths of a constant size the initial firing

frequencies increased as the inspiratory flow increased (range across tasks, 4·8—9·3 Hz). The

‘final’ firing frequency at the end of inspiration increased significantly above the initial

frequency for each task (by 0·8—5·2 Hz) and was higher for those tasks with higher final lung

volumes and higher inspiratory flows (range across tasks, 7·8—11·0 Hz).

6. There was no correlation within a task between the time of recruitment and the initial or

final firing frequency for each motor unit. However, for each inspiratory task, initial and

final firing frequencies were positively correlated.

7. Because the discharge of three to four units could be recorded simultaneously in a range of

tasks, a quantitative ‘shuffle’ index was developed to describe changes in their recruitment

order. Recruitment order was invariant in the task with the slowest inspiratory flow, but

varied slightly, but significantly, in tasks with higher inspiratory flows.

8. The discharge rates of single motor units were compared for targeted voluntary breaths and

non-targeted involuntary breaths which were matched for size. There were no significant

differences in the initial or final firing frequencies, but recruitment order was not always the

same in the two types of breath.
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is believed to follow the ‘size principle’ (Iscoe et al. 1976;

Dick et al. 1987; see below).

Much of the knowledge about the properties of single motor

units in human limb muscles comes from experiments

involving contractions under isometric conditions. Under

these conditions, motoneurones increase their discharge rate

as drive increases (see Kernell, 1965) and are usually

recruited in a stable order (Milner-Brown et al. 1973;

Desmedt & Godaux, 1977; cf. Grimby & Hannerz, 1977;

Stephens et al. 1978; Nardone et al. 1989; Howell et al.

1995). The stable recruitment order is thought to reflect the

‘size principle’ by which, if all motoneurones in a pool

receive the same excitatory and inhibitory drives, then

recruitment is determined by factors related to the size of

the motoneurones (Henneman, 1957; for review see

Henneman & Mendell, 1981; Binder et al. 1996). Recent

studies of motor unit recruitment in limb muscles have

established the existence of task-dependent heterogeneous

activation of the motoneurone pool and subsequent changes

in recruitment patterns of motor units within a muscle (ter

Haar Romeny et al. 1982, 1984; Chanaud et al. 1991; Riek

& Bawa, 1992; Puckree et al. 1998), while in other muscles,

such as first dorsal interosseous, recruitment order is stable

regardless of the task (e.g. Enoka et al. 1989; Jones et al.

1994). However, for limb muscles there have been few

studies of motor units during natural cyclic behaviour or

when muscle length changes (Grimby, 1984). Biceps brachii

and first dorsal interosseous have been studied during both

isometric and isotonic contractions when motor unit

recruitment order was not different (Thomas et al. 1987;

Tax et al. 1989). The present study examined the behaviour

of human diaphragmatic motor units during a range of

carefully controlled voluntary breathing tasks, while the

muscle shortened.

Data on the firing rates of human inspiratory motoneurones

come from recordings of single motor unit activity in the

parasternal intercostal muscles (Whitelaw & Watson, 1992;

Gandevia et al. 1996), the scalenes (Gandevia et al. 1996)

and the diaphragm (De Troyer et al. 1997). During quiet

breathing, the discharge frequency of motor units for the

parasternal intercostal muscles is •11 Hz (Whitelaw &

Watson, 1992; Gandevia et al. 1996). For the diaphragm,

the discharge frequency is •10 Hz in control subjects but

increases to •18 Hz during quiet breathing in patients with

chronic obstructive pulmonary disease (De Troyer et al.

1997) and to •18 Hz in control subjects with increased

chemical drive to breathe (Gorman et al. 1999). In human

subjects, the recruitment order of parasternal intercostal

motor units appears to be stable during normal breathing

(Watson &Whitelaw, 1987).

The present study was designed (i) to determine whether

there are different groups of diaphragmatic motor units

based on early and late recruitment; (ii) to measure the

increases in discharge frequency of diaphragmatic motor

units during voluntary increases in inspired volume and

inspiratory flow; and (iii) to devise a method to assess

recruitment order of multiple units and to apply it to

determine the extent of changes in diaphragmatic motor

unit recruitment. Some of the data have been presented as

an abstract (Butler et al. 1997).

METHODS

Experiments were performed on four healthy subjects (3 male,

1 female) seated comfortably in a chair. The subjects had no

significant history of respiratory or neurological illness. All

procedures were approved by the local ethics committee and

informed consent was obtained from the subjects.

Experimental set-up

Single motor unit activity was recorded using a Teflon-coated

monopolar needle electrode with an exposed tip of 0·15 mmÂ. The

electrode was inserted into the diaphragm through the 7th or 8th

intercostal space close to the mid-clavicular line. The approach is

below the reflection of the visceral pleura and is close to the origin

of the costal fibres (Bolton et al. 1992). This minimizes the risk of

pneumothorax and reduces needle movement associated with

muscle shortening. The precise location and depth of needle

insertion were guided by prior ultrasonography of the diaphragm

and chest wall (Acuson, 128 XP14, CA, USA). Constant auditory

feedback of EMG activity during needle insertion allowed

monitoring of the progression of the electrode through the

abdominal and intercostal muscles until it reached the diaphragm.

Once positioned within the costal diaphragm, the electrode was

manoeuvred to a site where single motor unit activity could be

discriminated. Recordings of single diaphragmatic motor units

were made from three to five separate needle penetrations of the

diaphragm in each subject to enable sampling of 13—21 motor units

from each subject. In two subjects, local anaesthetic (lignocaine, 2%

with adrenaline, 0·5—1·0 ml) was injected into the intercostal

muscles in the space overlying the diaphragm recording site prior

to the insertion of the electrode. A surface reference electrode was

placed over an adjacent rib 2—3 cm from the monopolar electrode

and a large ground electrode was positioned over the right shoulder.

Measurements of inspiratory flow were made with a heated

pneumotachometer and integrated to give inspired volume.

Respiratory movements of the upper rib cage and the abdomen (at

umbilical level) were recorded with inductance plethysmographs

(Respitrace, Ambulatory Monitoring, Ardsley, NY, USA). End-

tidal levels of COµ were monitored throughout to ensure that overall

levels of ventilation were constant (Ametek, Pittsburgh, PA, USA).

Experimental protocol

Subjects breathed through a mouthpiece during the experimental

session and were instructed to follow one of seven different target

ramp breaths (presented in random order). Feedback was provided

on a monitor which was previously calibrated to the subject’s vital

capacity (VC). Thus, VC was used to standardize the inspiratory

targets for each subject. The end-expiratory lung volume during

quiet breathing approximates functional residual capacity (FRC)

and is therefore referred to as FRC in the text. For half the target

breaths, subjects inspired from their usual end-expiratory level (or

FRC) to a constant lung volume (20% VC above FRC) with one of

four inspiratory flows (20%, 10%, 5% or 2·5% VC s¢, profiles

A—D in Fig. 2B). For the other half of the target breaths, subjects

breathed with a constant inspiratory flow (5% VC s¢) to one of four

lung volumes (40%, 20%, 10% or 5% VC above FRC, profiles

E—H in Fig. 2C). One task (20% VC volume and 5% VC s¢ flow,

profiles C and G in Fig. 2B and C) occurred in both groups of target

breaths. At all sites at which single motor units were recorded, the

J. E. Butler, D. K. McKenzie and S. C. Gandevia J. Physiol. 518.3908



subject performed at least three repetitions of each target breath for

each task. Between target breaths, subjects were free to breathe

quietly at a self-chosen volume and rate.

Data analysis

Diaphragm EMG activity was sampled at 10 kHz (bandwidth,

16 Hz to 3·2 kHz; amplification, ² 5000—10000). All signals were

stored on tape for subsequent analysis with a digital interface and

spike analysis software (CED 1401 and Spike2, CED). In addition,

we used custom-designed software to examine each single motor

unit potential (e.g. see Gandevia et al. 1996; Leeper, 1998). Single

motor units were sorted using a manually driven interactive

program which allowed the user to label individual unit potentials

based on their size and morphology (see Fig. 1B). At each recording

site usually three to four single motor units could be distinguished.

Figure 1 shows an example of five different single motor units that

were recorded simultaneously and subsequently sorted.

Recruitment times of motor units and discharge frequencies

The recruitment time of each motor unit was measured relative to

the actual onset of inspiration based on the volume signal. As

diaphragmatic motor units in human subjects rarely discharge

tonically (De Troyer et al. 1997), the initial discharge frequency was

calculated from the first interspike interval for each individual

motor unit. The few units that did discharge tonically (n = 7) were

excluded from the analysis of onset time and initial frequency. A

frequency histogram of the onset time of discharge (bin width,

100 ms) was used for each task to determine whether there were

two separate populations of diaphragmatic single motor units based

on onset times. The average onset time for each motor unit was also

used to calculate the inspired volume at the time of recruitment

and thus to determine the presence of a recruitment ‘threshold’

related to lung volume. In addition, a separate analysis based on

the abdominal configuration at the time of recruitment of each

motor unit within a task for each subject gave similar results to

those when recruitment was based on the time after the onset of

inspiration (see Results).

Measurements were also made of the average final discharge

frequency for each motor unit during the voluntary inspiratory

contractions. This was measured for each motor unit by averaging

the instantaneous firing frequencies between two cursors positioned

manually around the last 0·5—1·0 s of each inspiration. At this

time, firing rates had increased from their initial value and were

usually stable.
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Figure 1. Five simultaneously recorded single

motor units in the diaphragm

A, costal diaphragm EMG activity recorded during a

single breath. Arrows indicate the recruitment time of

each motor unit. Note the progressively increasing size

of the recruited motor units in this site. Lung volume,

rib cage expansion and abdominal expansion during

the breath are shown. B, superimpositions of the five

different single motor units recorded simultaneously in

A at a single site sorted into groups on the basis of

their size and shape.



A sub-population of motor units showed an unusual recruitment

pattern in that the volume at which they were recruited changed

when the target volume was altered despite a constant flow. These

units were termed ‘task-sensitive’ units and were labelled as such if,

in tasks with the four inspiratory volumes reached at a constant

inspiratory flow (5% VC s¢), the recruitment threshold increased

progressively with an increase in volume across three or four of the

tasks by greater than 5% of VC (i.e. greater than 1 s difference in

recruitment time across tasks with a constant flow).

Data for the single motor units were analysed for the three breaths

for each task. For each breath the onset times and the initial firing

frequencies of a single motor unit were similar but not identical.

Therefore, unless otherwise stated, in the results each unit is

represented once for each measured breath.

Rib cage and abdominal expansion during different

voluntary inspiratory tasks

Expansions of the rib cage and abdomen were measured throughout

the study using calibrated inductance plethysmographs (Sackner et

al. 1980; see also Konno & Mead, 1967). The contribution of each

compartment to the inspired volume was determined with a plot of

rib cage expansion against abdominal expansion, known as a

Konno—Mead plot. The gradient of this line reveals the extent to

which lung volume was developed by each compartment and gives

an indication of the relative contribution of the diaphragm

(represented largely by abdominal expansion) to the development of

inspiration (Konno & Mead, 1967; see also Mead & Loring, 1982;

Loring et al. 1985).

Recruitment order

The recruitment order of the motor units was analysed for each

task in which simultaneous recordings of three or more single

motor units were obtained. The order of recruitment was then

compared across three breaths within each task to test its stability

and subsequently the stability of recruitment order across

inspiratory tasks was assessed. To give a quantitative measurement

of the variability of the recruitment order, we developed a measure

of changes in the order of recruitment of simultaneously recorded

motor units, termed the ‘shuffle’ index (see below). This index

measures changes in the recruitment order of each unit, relative to

the other units, in repetitions of a single task. It can also be used to

compare any observed order of recruitment with a pre-determined

or ‘reference’ order of recruitment. A shuffle index of 100%

indicates complete reversal of recruitment order while a shuffle

index of 0% indicates a stable recruitment order. Each breath in

each voluntary task was assigned a calculated shuffle index that

allowed statistical comparisons to be made about variability in

recruitment order (from the reference order) in a given task. The

calculation of the shuffle index within a voluntary task is explained

below and given in more detail in the Appendix.

If four units (A, B, C and D) were recorded simultaneously over

three breaths in a given task and were recruited in the following

order: breath 1 — B,C,A,D; breath 2 — A,B,C,D; and breath 3 —

A,B,C,D, the reference order would be A,B,C,D since this is the

order which would result in the lowest median shuffle index for this

task (see below).

For breath 1 with recruitment order B,C,A,D, we can calculate the

shuffle index based on a score for each unit, given that the reference

order defines the ‘correct’ order of recruitment for each task. Unit B:

score = 2. Here, two of the units (C and D) are still recruited in the

correct order relative to unit B; unit A is not (therefore, unit B

receives a score of 2). Unit C: score = 2. Here, two of the units (B

and D) are recruited in the correct order relative to unit C; unit A is

not. Unit A: score = 1. Here, only one unit (D) is recruited in the

correct order relative to unit A. Unit D: score = 3. Here, three of

the units (B, C and A) are still recruited in the correct order relative

to unit D even though they are not in order themselves.

For breath 1 (B,C,A,D) we calculate the shuffle index as follows.

Observed total score = 2 + 2 + 1 + 3 = 8; maximal score for four

units = 12. The maximal score is n(n − 1) where n is the number of

simultaneously recorded motor units. The shuffle index = [1 −

(observed total scoreÏmaximal score)] ² 100, i.e. 33% for this

breath 1.

For breaths 2 and 3 the shuffle index would be 0% since

recruitment occurred in the reference order. The shuffle index for

breath 1 = 33%, breath 2 = 0% and breath 3 = 0%. Therefore,

the median shuffle index for this task is 0%. If the recruitment

order was reversed (D,C,B,A), the shuffle index would be 100%. If

one or more motor units did not discharge in one breath but were

present in the reference order, it was assumed that the unrecruited

units would have been recruited later in the breath in the correct

order so that calculations of the shuffle index were still made on the

full set of simultaneously recorded units. The Appendix gives

values for the shuffle indices for four simultaneously recorded single

motor units and describes the range of indices for two to six

simultaneously recorded motor units.

Recruitment order of single motor units within and between

voluntary tasks

For the measurement of variability of recruitment order within a

task, the reference order was based on the most commonly

observed recruitment order for a given set of units in a single task

and the median shuffle index was determined for each task. If the

motor units were recruited in a different order for each of the three

breaths, and the reference order was not clear, it was necessary to

calculate the median shuffle index for the task with each of the

breaths acting as a temporary ‘reference’ breath. The final reference

order was assigned to the breath that resulted in the lowest median

shuffle index for the task.

For the measurement of the stability of recruitment order between

tasks, the average recruitment time was calculated for each motor

unit for the three breaths in each task and, from this, the average

recruitment order was determined. The reference order was

assigned to the task in which the subject breathed at 2·5% VC s¢

to a volume equivalent to 20% VC (i.e. profile D in Fig. 2B). This

task was selected because it had the most stable order of

recruitment across breaths (see Results). The shuffle index (between

tasks) was then calculated for each task relative to the order in the

reference task.

Although the study was not designed to compare voluntary and

involuntary drive to breathe, subjects were free to breathe between

the target breaths at a self-chosen rate and depth without any

instruction, feedback or constraint. These breaths were considered

to be non-targeted or involuntary. Measurements of the recruitment

of single motor units and discharge properties in the non-target

breaths were also made from each recording site in each subject.

Results were compared, therefore, with data from the same units

recorded in the voluntary inspiratory task that had the most

closely matched profile of volume and flow to that in the non-

targeted breath. Analyses were performed on 299 voluntary breaths

and 28 involuntary breaths and the analyses were repeated up to

7 times depending on the number of units.

Statistics

For the measurements of discharge frequencies for each task, data

are expressed as the median and interquartile range (IQ range). A
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Wilcoxon signed-rank test was used to compare initial and final

discharge frequencies for each task. A Kruskal—Wallis one-way

analysis of variance on ranks was used to compare data for discharge

frequencies and shuffle indices across tasks with an all-pairwise

multiple comparison procedure (Dunn’s method) used as a post hoc

test. Linear regression was used to determine significant correlations

between recruitment time and the initial and final discharge

frequencies. A one-way analysis of variance (ANOVA) and an all-

pairwise multiple comparison procedure (Student—Newman—Keuls

method) were used to compare the gradients derived from the

Konno—Mead plots of abdominal and rib cage expansion, to

compare strategies of performing the different tasks. Statistical

significance was set at the 5% level.

RESULTS

Prolonged recordings were made of the activity of 60 single

motor units from the right costal diaphragm in four subjects.

Data were obtained from a total of 13 sites, with three or

four sites studied in each subject. No complications arose

from any of the recordings. Forty-seven units were studied

as they discharged during four or more of the seven

voluntary tasks. In addition, 38 units were studied during

the involuntary non-targeted breaths between the target

voluntary breaths.

To establish that the subjects performed the tasks

reproducibly using a consistent strategy of expanding the

rib cage and abdomen, we measured changes in circumference

of the rib cage and abdominal compartments. Figure 2

shows data from a typical subject for expansion of the rib

cage and expansion of the abdomen. During inspiration,

both the abdomen and the rib cage expanded and the

gradient of their linear relationship represents the relative

contribution of the expansion of the two compartments to

inspiratory volume. Within a repeated voluntary task the

gradient was similar (see Fig. 2A). In individual subjects,

there was no consistent change in the gradient of the

Konno—Mead plot across the wide range of voluntary

inspiratory tasks (see Fig. 2B and C). However, analysis of

data for all subjects and tasks showed that the gradients

were statistically similar except for the task with the

smallest target volume (5% VC at 5% VC s¢; profile E).

For this task, the gradient of the relationship between rib

cage and abdominal expansion was significantly reduced.

Human diaphragmatic motor unitsJ. Physiol. 518.3 911

Figure 2. Rib cage and abdominal expansion in different voluntary target breaths

Superimposed plots of the rib cage and abdominal circumference (left panels) and lung volume—time traces

(middle panels) for each inspiration: A, during three breaths within a task (20% VC at 5% VC s¢; profile

C); B, for target breaths with a constant volume but different inspiratory flows (profiles A—D, see right

panel); and C, for target breaths at a constant flow to different volumes (profiles E—H, see right panel). The

gradients for the left panels indicate the relative contribution of the expansion of the rib cage and abdomen

to the development of lung volume (middle panels). Values for rib cage and abdominal expansion are given

in arbitrary units. Right panels show the profiles of target breaths.



This indicates that, for this task, subjects used a

proportionally larger expansion of the abdomen compared

with the rib cage to achieve the target volume (thus

suggesting an increased contribution from the diaphragm

compared with other inspiratory muscles which expand the

rib cage).

Recruitment times of motor units

Single motor units began to discharge at different times

following the onset of inspiratory airflow (Fig. 3). However,

we did not observe a bimodal distribution of recruitment

times either for individual subjects or for the group of

subjects in any of the voluntary tasks. Figure 3 shows a

histogram of recruitment times for 55 units recorded during

all breaths for one inspiratory task (20% VC at 5% VC s¢).

For this task half of the motor units had been recruited in

the first quarter of inspiration (by 25% Té, where Té is total

inspiratory time), and 82% had been recruited half-way

through the breath (by 50% Té). Thus, the majority of the

motor units were recruited early in the target breath and

fewer numbers were recruited throughout the remainder of

the breath.

There was a systematic difference in the degree of

recruitment across tasks. For the shortest breaths (profiles

A and E, 1 s duration), fewer motor units were recruited by

mid-inspiration (50% Té). As the duration of the breath

increased (see profiles D and H, 8 s duration), more motor

units were recruited by 50% Té (Fig. 4). This implies that,

with a constant flow, most motor units have been recruited

by 20% VC (Fig. 4B).

Most motor units exhibited a recruitment threshold related

to lung volume and this remained relatively constant across

the voluntary tasks. Thus, when the breaths to a constant

volume required a low inspiratory flow, a unit would begin

to discharge at a later time and when the flow was faster,

the unit discharged earlier. A typical example of one motor

unit is shown in Fig. 5Awhich gives frequency plots for each

voluntary task (A—H). This unit was consistently recruited

when the volume was 18—20% VC above the usual end-
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Figure 3. Frequency histogram of onset times for

diaphragmatic motor units from one task

Frequency histogram (bin width, 200 ms) for 55 single motor

units recorded from all subjects during a single task (20% VC at

5% VC s¢; profiles C and G). Each unit is represented once by

its median onset time. Most units are recruited in the first half of

the breath with peak recruitment in less than 25% of

inspiratory time, with fewer units recruited thereafter. Time is

expressed in relation to the onset time of the increase in lung

volume.

Figure 4. Recruitment pattern of diaphragmatic single motor units for each voluntary task

A, data for breaths to a constant volume at different flows. B, data for breaths with a constant flow to

different lung volumes. Y-axis represents the percentage of motor units recruited by mid-inspiration (50%

Té). The number of breaths analysed in each task ranged from 118 to 219 for A and 68 to 219 for B.

Numbers in parentheses indicate the duration of the inspiratory task in seconds. For the shortest breaths

(profiles A and E) fewer motor units were recruited by 50% Té, while for the longer breaths (profiles D and

H) more motor units were recruited by 50% Té.



expiratory level or FRC. However, about 20% of the motor

units behaved slightly differently. These were termed ‘task-

sensitive’ units. An example is shown in Fig. 5B. When the

target volume was fixed (Fig. 5B, left column, tasks A—D),

the volume at the time of recruitment of the task-sensitive

unit was relatively constant (recruited at a volume about

20% VC above FRC). However, when inspiratory flow was

constant, the volume at which this motor unit was recruited

depended on the size of the breath (Fig. 5B, right column,

tasks E—H). When the target volume was large (40% VC at

5% VC s¢; Fig. 5B, task H), the same unit was recruited

later than would be expected on the basis of a volume

threshold alone (at about 25% VC above FRC). In addition,

when the target volume was small (5% VC at 5% VC s¢;

Fig. 5B, task E), these motor units were often recruited

earlier than expected on the basis of a volume threshold

alone (at as little as 5% VC above FRC). These units were

deemed to show task-sensitive recruitment (see Methods).

The task-sensitive units were always recruited later in the

tasks with the higher target volume and there were no

instances where the reverse occurred. This phenomenon was

observed for 13 of the 60 motor units. It was observed in

recordings from about half the recording sites (range,

0—3 units site¢) and was observed at least once in each

subject. The behaviour was repeated on sequential target

breaths, and it was observed while simultaneously recorded

units did not change the volume at which they were

recruited across tasks. Figure 6 shows another example of a
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Figure 5. Instantaneous frequency plots for two simultaneously recorded diaphragmatic motor

units for all the voluntary tasks

A, instantaneous frequency plots for a single motor unit for each breath profile. Left panels represent target

breaths to a constant lung volume at different inspiratory flows (profiles A—D). Right panels represent

target breaths with a constant flow to different lung volumes (profiles E—H). The first point on the abscissa

(0) represents the onset time of firing for the unit. The next point represents the first interspike interval.

Note this single motor unit has a recruitment threshold related to lung volume. Superimposed action

potentials from this unit are shown as an inset in the upper left panel. Lower panels represent the different

breath profiles (A—H). B, format is the same as for A, showing an example of a single motor unit recorded

simultaneously which was not recruited at a constant volume in tasks with a constant flow (profiles E—H).

Note the early onset of firing in the task with the small breath (profile E) compared with the late onset of

firing in the large breath (profile H). Superimposed action potentials from this ‘task-sensitive’ unit are

shown as an inset in the upper left panel.



task-sensitive unit recorded at the same time as a unit with

a threshold related to lung volume. One effect of task-

sensitive recruitment is that the recruitment order of some

simultaneously recorded motor units could be altered

between tasks (Fig. 6; also see below).

The median change in time of recruitment for all the task-

sensitive units in tasks with a constant flow was 2·0 s (IQ

range, 1·6—2·8 s) which resulted in a 10% VC (8—14% VC)

change in recruitment volume. For a single task (20% VC at

5% VC s¢), the recruitment times, initial discharge

frequencies and final discharge frequencies were not

significantly different for the set of task-sensitive units

(n = 13) compared with ‘normal’ units which did not show

task-sensitive recruitment (n = 42).

Initial and final discharge frequencies

Across all the target breaths, the median firing frequency at

the onset of inspiratory discharge for all the motor units

was 6·5 Hz (range across tasks, 4·8—9·3 Hz). For the tasks

with a constant flow of 5% VC s¢, the median initial firing

frequency was 6·5 Hz and, not surprisingly, this was not

influenced by the intended size of inspiration (P > 0·05,

Kruskal—Wallis test). For the inspiratory target breaths

with varying flows, the initial discharge frequencies

increased from 4·8 Hz (IQ range, 1·5—6·9 Hz) for low target

flows to 9·3 Hz (IQ range, 5·6—13·1 Hz) for high target flows

(P < 0·05, Wilcoxon signed-rank test). For the target

breath of 20% VC at 5% VC s¢, the median initial firing

frequency was 6·4 Hz (IQ range, 3·8—9·0 Hz). Figure 7

shows the median and IQ range for the initial firing

frequencies (filled circles) of all motor units for each task.

For each target breath, the firing frequency increased

significantly from the initial rate by 0·8—5·2 Hz to reach the

final firing frequency (P < 0·05). Across all target breaths

the median for the final firing frequency during inspiration

was 9·7 Hz (median frequency range across tasks,

7·8—11·0 Hz). Final discharge frequencies increased from

7·8 to 10·7 Hz as inspiratory flow increased 8-fold
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Figure 6. Volume threshold and task-sensitive recruitment of two simultaneously recorded

single motor units from the diaphragm

A, lung volume profiles of two voluntary inspiratory tasks with the same target flow but different target

volumes (5% VC at 5% VC s¢, profile E (continuous line, upper panel) and 40% VC at 5% VC s¢, profile

H (continuous line, lower panel)). Tasks were performed by the same subject while recordings were made

from a site in the right costal diaphragm. Arrows indicate the average time of recruitment based on three

trials for the two units. B, two different single motor units recorded simultaneously which discharged in

each voluntary task (Unit 1 and Unit 2). Upper panels show superimpositions of every discharge of the two

units for the smaller breath (5% VC at 5% VC s¢, profile E). Lower panels show superimpositions of the

first eight discharges of the two units for the larger breath. Unit 2 was recruited with a threshold related to

lung volume at approximately 1—3% of VC above FRC in both tasks. Unit 1 showed task-sensitive

behaviour since it was recruited at about 3% of VC above FRC in the breath with the small target volume

but was recruited at about 14% of VC above FRC in the breath with the large target volume. Note that the

recruitment order of the units was reversed for these breaths.



(P < 0·05) and increased from 8·0 to 11·0 Hz as target lung

volume increased 8-fold (P < 0·05; Fig. 7, open circles).

There was no correlation between the time of recruitment

and the initial or final firing frequency in any of the target

breaths (rÂ ranged from 0·009 to 0·0787, all P > 0·05).

However, as shown in Fig. 8, there was a significant

correlation between the initial and final firing frequencies

for each task (rÂ ranged from 0·12 to 0·30, all P < 0·05).

Recruitment order

As described above, while the majority of diaphragmatic

motor units were recruited at a particular inspiratory target

volume, a minority changed their recruitment consistently

according to the inspired volume required (Figs 5B and 6).

Before comparisons could be made of recruitment order

between tasks, it was necessary to measure the variability

in recruitment order within a task. This was quantified by

the shuffle index which took into account the extent to

which the order of recruitment of three or more units

recorded simultaneously changed when the same task was

repeated (see Methods; see also Appendix).

Median shuffle indices for breaths in the same task ranged

from 0% for some tasks (i.e. completely reproducible order

of recruitment) to 17% for the task with the fastest flow

(profile A; see Table 1). All shuffle indices were relatively

low and represent a small degree of change in recruitment

order. However, the shuffle index was not the same for all

seven inspiratory tasks (Kruskal—Wallis, P < 0·05). Post

hoc analysis revealed that the long slow inspiration had the

lowest shuffle index (profile D, 20% VC at 2·5% VC s¢; see

Figs 2 and 5), while the other tasks were not significantly

different from one another.

A shuffle index was also calculated for each inspiratory task

at each recording site to quantify the changes in

recruitment order between tasks. The ‘reference’ inspiratory

task was 20% VC at 2·5% VC s¢ (Fig. 2B, profile D)

because its recruitment order was highly reproducible. The
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Figure 7. Initial and final discharge frequencies of diaphragmatic motor units for all voluntary

tasks

Median values and the IQ range for the initial discharge frequencies (0) and the final discharge frequencies

(1) for each task in the same motor units. A, data for breaths to a constant volume at different flows.

B, data for breaths with a constant flow to different lung volumes. Dashed lines link the median initial and

final discharge frequencies for each task. Note the discharge frequencies are recorded for the same motor

units for each task.

Figure 8. Relationship between initial and final discharge

frequencies

Plot of initial discharge frequency against final frequency for 53 units

recorded during a single task (20% VC at 5% VC s¢). Each unit is

represented once by the average discharge frequency derived from three

breaths. Line fitted to the data shows a significant relationship between the

initial and final discharge frequencies (linear regression, r = 0·35,

P < 0·05).



shuffle indices between tasks with respect to the reference

task ranged from a median of 7 to 33% (Table 1). While

there was some variability in the recruitment order within a

task, the variability between each task and the reference

task was significantly greater (represented by the increased

shuffle index, P < 0·05). Post hoc analysis revealed that

there was a significant difference between the shuffle indices

for the reference task and tasks A, C, E, F and G, but not

for tasks B and H (Table 1). In summary, the voluntary

tasks contribute to the variability of recruitment order and

some of this variability is unaccounted for by the variability

within tasks.

Non-targeted breaths

For each subject, the involuntary non-targeted breaths

between the target breaths were matched as closely as

possible to one of the voluntary tasks. In two subjects this

corresponded to breaths with a size of 10% VC with an

inspiratory flow of 5% VC s¢, and in the other two subjects

it corresponded to breaths with a size of 20% VC and a flow

of 10% VC s¢. The initial and final discharge frequencies of

the single motor units recorded during involuntary breaths

(6·6 Hz; IQ range, 4·9—8·0 Hz; and 8·5 Hz; IQ range,

6·9—10·1 Hz, respectively; n = 40) were not significantly

different from those in the matched voluntary inspiratory

breaths. This suggests that the same population of units was

recruited and discharged similarly in the voluntary targeted

breathing and in the involuntary non-targeted breathing.

The recruitment order of motor units in non-targeted

breaths was significantly different from the normal

variability of recruitment order within a targeted voluntary

task. The median shuffle index for the involuntary non-

targeted breaths with reference to the recruitment order of

the same motor units in the ‘matched’ targeted voluntary

breaths was 33% (IQ range, 29—53%). This median is

comparable to that between voluntary tasks. Although there

were changes in the recruitment order of motor units

between voluntary and involuntary breaths, the variability

in recruitment order for involuntary non-targeted breaths

was no greater than the variability between targeted

voluntary tasks and the reference task. All of the units

from the involuntary breaths were also recruited in the

matched voluntary breaths, although at one site, two extra

units were recruited late in the voluntary breaths.

DISCUSSION

This study provides the first data on the recruitment times

and discharge properties of human diaphragmatic motor

units during voluntary inspiratory tasks and their

dependence on inspiratory flow and volume. We have

examined the recruitment times and rate modulation of

single motor units across a range of different voluntary tasks

and have developed a method for quantifying variability in

the recruitment order of simultaneously recorded single

motor units.

Previous studies of the recruitment of phrenic motoneurones

in the cat (e.g. Hilaire et al. 1972; Nail et al. 1972) have

developed the concept of two separate populations of

phrenic motoneurones whose order and time of recruitment

is not due to differences in excitability alone, but also to

differences in central respiratory drive. In the current study,

while we recorded units with a wide range of onset times

and over a wide range of voluntary tasks, we saw no

evidence of a bimodal distribution of recruitment times.

Most units were recruited early in the breath and the

remainder were gradually recruited as inspiration progressed.

Although several studies have described ‘early’ and ‘late’

motoneurones (e.g. Hilaire et al. 1972; Nail et al. 1972;

Berger, 1979; Dick et al. 1987; Whitelaw & Watson, 1992),

the distinction has been somewhat arbitrary and not

sufficiently great to produce a completely bimodal

distribution of recruitment times. In fact, the pattern of

recruitment described in the current study across a range of

different sized breaths is similar to that for single motor

units in the human parasternal intercostal muscles (Whitelaw

& Watson, 1992) and for phrenic motoneurones in the cat

and rabbit (Iscoe et al. 1976; Road & Cairns, 1997).
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––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Table 1. Summary of shuffle indices (SI) for recruitment order of diaphragmatic motor units within

and between the reference task and the other tasks

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Task Inspiratory time Volume Flow SI within tasks IQ range SI between tasks‡ IQ range

(s) (%VC) (%VC s¢) (% ) (%) (%) (%)

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

A 1 20 20 17·0 16·9—33·0 33* 17—43

B 2 20 10 0 0—16·5 7 0—17

C 4 20 5 10·0 0—20·0 27* 18—46

D 8 20 2·5 0† 0—0 0 ref. task

E 1 5 5 8·5 0—18·3 30* 7—46

F 2 10 5 4·1 0—16·8 25* 17—40

G 4 20 5 10·0 0—20·0 27* 18—46

H 8 40 5 8·5 0—17·5 12 0—33

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

†Significant difference from other tasks (P < 0·05); * significant difference from reference (ref.) task

(P < 0·05); ‡ overall shuffle indices between tasks greater than those within tasks (P < 0·05).

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––



During voluntary inspiratory efforts, the initial firing

frequencies of 60 diaphragmatic motor units increased in

tasks with higher inspiratory flows (range, 4·8—9·3 Hz), and

the final firing frequencies of the diaphragmatic motor units

increased as voluntary inspiratory flow and target volume

increased (range, 7·9—11·0 Hz). These findings provide

support for the use of discharge frequency of a sample of

motor units as an index of neural drive to the diaphragm

(Gandevia et al. 1996; De Troyer et al. 1997). They are also

consistent with observations, during quiet breathing, from

human parasternal intercostal motor units, the initial and

peak discharge frequencies of which correlated with

inspiratory flow (Whitelaw & Watson, 1992). However, we

found no correlation between recruitment time and initial or

final discharge frequencies, i.e. late-recruited units did not

begin to discharge at a higher rate (cf. Nail et al. 1972; Iscoe

et al. 1976). The forces produced during tidal breathing and

the inspiratory tasks in the current study are only a

relatively small percentage (less than •25%) of the maximal

force that can be produced by the diaphragm (Sieck &

Fournier, 1989), and thus the observed discharge frequencies

of motor units were probably well below their maxima. The

final discharge rate across all the voluntary tasks was about

half that observed in patients with severe airflow limitation

(18 Hz) breathing quietly (De Troyer et al. 1997) and about

half that observed in control subjects breathing with

ventilation increased 2- to 3-fold due to elevated chemical

drive (Gorman et al. 1999).

Most diaphragmatic motor units were recruited with a

volume threshold, but some units (13 out of 60) were

recruited with a task-sensitive threshold. These single units

(more obvious in tasks with a constant inspiratory flow)

discharged later than expected when the target volume was

high and earlier than expected when the target volume was

small. This change in recruitment behaviour of the ‘task-

sensitive’ units could result in subtle changes in recruitment

order of other diaphragmatic motor units activated during

the breath. It was the potential for slight changes in

recruitment order in certain voluntary inspiratory tasks

that prompted development of a ‘shuffle’ index to measure

the stability of recruitment order for three or more motor

units.

Previous studies have suggested that there are different

strategies for taking breaths to low or high lung volumes.

For example, for large breaths induced by exercise,

expansion of the rib cage contributes proportionally more to

the increased lung volume than expansion of the abdomen

(Chapman et al. 1985). An alteration in the relationship

between rib cage and abdominal expansion, such as this,

could explain the apparent changes in recruitment thresholds.

However, when we assessed the expansion of the rib cage

and abdomen, overall there was no significant difference in

the strategy for all the tasks except the smallest volume

task in which there was proportionally greater abdominal

expansion. In addition, this suggestion cannot explain why

other units recorded simultaneously did not also discharge

later than expected in larger breaths. While the present

study has revealed a task-dependent contribution to the

recruitment of human diaphragmatic motor units, it is

impossible to determine whether it is caused by changes in

the descending drives to the motoneurones (either cortical or

brainstem in origin) or changes in reflex inputs from the

lungs, upper airway or thoracic cage. These inputs may act

at spinal or supraspinal sites.

Changes in recruitment order of single motor units can

occur in human limb muscles when reflex input changes or

the task performed is changed (see Grimby & Hannerz,

1977; Stephens et al. 1978; Desmedt, 1981; Nardone et al.

1989; Howell et al. 1995). Such changes in recruitment order

may be a result of coactivation of different motor unit

‘groups’ within each muscle (ter Haar Romeny et al. 1982,

1984; van Zuylen et al. 1988; Chanaud et al. 1991; Riek &

Bawa, 1992; Puckree et al. 1998). In addition, the effect of

synaptic noise on fluctuations in the membrane potential of

human motoneurones (e.g. Matthews, 1996) may contribute

to the variability in recruitment threshold or recruitment

order within a given task.

Furthermore, some changes in recruitment order have been

reported for the human parasternal intercostal muscles

during sleep and voluntary hyperventilation (Watson &

Whitelaw, 1987; Whitelaw et al. 1993). However, marked

increases in chemical drive do not change the recruitment

order of phrenic motoneurones in the anaesthetized cat (Iscoe

et al. 1976). In conscious human subjects, the inspiratory

motoneurones will presumably receive descending input

from respiratory ponto-medullary centres, and motor

cortical and other areas. Voluntary interventions to change

breathing even slightly alter the motor cortical output to

inspiratory muscles (Macefield & Gandevia, 1991).

Comparisons between motor unit discharges in voluntary

and involuntary non-targeted breaths in the current study

can be used to compare two presumably different

descending ‘inputs’ to inspiratory motoneurones. While

there were no differences in the initial or final discharge

frequencies of the motor units, the recruitment order for

voluntary and involuntary breaths was not identical despite

the fact that the involuntary breaths were matched as

closely as possible to the voluntary ones. This suggests that

there may be subtle differences in the descending (or other)

drives reaching the motoneurones during voluntary and

involuntary breathing.

In conclusion, human diaphragmatic motor units increase

their discharge frequency with increased drive to breathe.

Thus, the initial and final discharge frequencies of these

units can be used as an index of inspiratory drive. Secondly,

they are recruited throughout each task with no evidence

for bimodal patterns of motor unit recruitment, and thus

appear to behave similarly to motor units in limb muscles.

Finally, recruitment order for the diaphragm is stable but

not invariant across a range of voluntary and involuntary

tasks.
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APPENDIX

A ‘shuffle’ index was developed to give a quantitative

measure of the variability of the recruitment order of three

or more simultaneously recorded motor units. This index

measures changes in the recruitment order of each unit,

relative to other units, in repetitions of a task. It can also be

used to compare any observed order of recruitment with a

pre-determined or ‘reference’ order. The index was designed

so that an index of 100% indicates complete reversal of

recruitment order while an index of 0% indicates stable

recruitment order. The shuffle index can be used when two

or more units are studied. An index of 50% would be

consistent with a random recruitment of units.

First, a reference order of recruitment is chosen. It can be

the commonest order for a particular task, or the order from

a task with the most stable recruitment order. Then, for

each unit, a ‘score’ relative to the reference order is

calculated. The ‘observed total score’ is the sum of the score

of each unit. To obtain the shuffle index, the observed total

score is expressed relative to the ‘maximal score’ for the

number of simultaneously recorded units.

The general formula for calculating the shuffle index for a set

of simultaneously recorded motor units is given below:

Shuffle index =

[1 − (observed total scoreÏmaximal score)] ² 100. (A1)

The maximal score = n(n − 1), where n is the number of

simultaneously recorded motor units.

The algorithm for calculation of the observed total score is

more complex and is shown above (Algorithm 1), but it can

also be calculated easily from the description in Methods.

Each unit is given a numerical value based on its position in

the reference recruitment order: value = 1, 2, 3 . . .n for the

1st, 2nd, 3rd . . . and nth recruited units.

In the ‘test’ task, the recruitment order is expressed as:

position(1), position(2), position(3) . . . position(n), where

position(i) = value (from the reference task) of the ith unit

recruited in the test task; i = 1 to n.

Example: for four units with order A,B,C,D in the reference

task and order B,C,A,D in the test task then

position(1,2,3,4) = 2,3,1,4.

For this task, the score of any unit equals the number of

units that are in the correct order relative to it. To calculate

a score for position(i) in this task, we count the number of

units before position(i) (position(1) to position(i − 1), i > 1)

with values less than the value of position(i) and add that

number to the number of units after position(i)

(position(i + 1) to position(n), i < n) with values greater

than the value of position(i). The scores for each position(i),

i = 1 to n, are then added together to give the observed

total score, i.e. observed total score = Ó(1 . . .n), and the final

shuffle index is derived with eqn (A1).

The range of shuffle indices depends on the number of

simultaneously recorded motor units. As the number of

motor units increases the number of gradations in the

shuffle index between 0% (ordered) and 100% (reversed

order) increases. When there are only two motor units,

there are only two possibilities for the shuffle index (0 or

100%; ordered or reversed). For six motor units, there are

15 steps between 0 and 100%. The number of steps between

0 and 100% increases as the number of motor units

increases. The method becomes more sensitive at detecting
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Shuffle index: calculation of the score(i) for a motor unit at position(i)

Example: i = 2, position(1,2,3,4) = 2,3,1,4

( j = 1 to i − 1 for i > 1, i + 1 to n for i < n)

for i = 1 to n for i = 2

score(i) := 0; score(2) = 0

if i > 1 then (score before i) If 2 > 1 then TRUE

for j = 1 to i − 1 For j = 1 to 1

if position( j) < position(i) then position(1) = 2 < position(2) = 3 TRUE

score(i) := score(i) + 1; j = 1, score(2) = 0 + 1

endif;

next j;

endif; score(2) = 1

if i < n then (score after i) If 2 < 4 then TRUE

for j = i + 1 to n For j = 3 to 4

if position( j) > position(i) then j = 3, position(3) = 1 > position(2) = 3 FALSE

j = 4, position(4) = 4 > position(2) = 3 TRUE

score(i) := score(i) + 1; j = 4, score(2) = 1 + 1

endif;

next j;

endif; score(2) = 2

next i;

Algorithm 1



changes in order when more units are recorded. In the

current study, a shuffle index was only calculated for three

or more simultaneously recorded motor units since there are

only two possible recruitment orders when two units are

recorded.

Table 2 shows all possible recruitment orders and the

corresponding shuffle indices for four simultaneously

recorded motor units (units A, B, C and D). A shuffle index

can then be assigned to each repetition of a task to indicate

the degree of change in the recruitment order from any

designated reference order.
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Table 2. Calculated shuffle index for any ordered combination

of four simultaneously recorded motor units

–––––––––––––––––––––––––––––

Recruitment Observed Maximal Shuffle

order total score score index (%)

–––––––––––––––––––––––––––––

1 ABCD 12 12 0

2 ABDC 10 12 17

3 ACBD 10 12 17

4 ACDB 8 12 33

5 ADBC 8 12 33

6 ADCB 6 12 50

7 BACD 10 12 17

8 BADC 8 12 33

9 BCAD 8 12 33

10 BCDA 6 12 50

11 BDAC 6 12 50

12 BDCA 4 12 67

13 CABD 8 12 33

14 CADB 6 12 50

15 CBAD 6 12 50

16 CBDA 4 12 67

17 CDAB 4 12 67

18 CDBA 2 12 83

19 DABC 6 12 50

20 DACB 4 12 67

21 DBAC 4 12 67

22 DBCA 2 12 83

23 DCAB 2 12 83

24 DCBA 0 12 100
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A shuffle index of 0% indicates a stable recruitment order while a

shuffle index of 100% indicates complete reversal of recruitment

order. From the table it is possible to see that a random sample of

recruitment orders would result in an average or median shuffle

index of 50%.
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