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Abstract

Background and Purpose: Cervical spinal cord injury (CSCI) can cause severe respiratory
impairment. Although mechanical ventilation (MV) is a life-saving standard of care for these
patients, it is associated with diaphragm atrophy and dysfunction. Diaphragm pacing (DP) is

a strategy now used acutely to promote MV weaning and to combat the associated negative
effects. Initial reports indicate that DP also may promote neuromuscular plasticity and lead to
improvements in spontaneous diaphragm activation and respiratory function. These outcomes
suggest the need for re-evaluation of respiratory rehabilitation for patients with CSCI using DP
and consideration of new rehabilitation models for these patients and their unique care needs.

Summary of Key Points: This article discusses the rationale for consideration of DP as

a rehabilitative strategy, particularly when used in combination with established respiratory
interventions. In addition, a model of Respiratory Rehabilitation and Recovery (RRR) is presented,
providing a framework for rehabilitation and consideration of DP as an adjuvant rehabilitation
approach. The model promotes goals such as respiratory recovery and independence, and life-long
respiratory health, via interdisciplinary care, respiratory training, quantitative measurement, and
use of adjuvant strategies such as DP. Application of the model is demonstrated through a
description of an inpatient rehabilitation program that applies model components to CSCI patients
who require DP.

Recommendations for Clinical Practice: As DP use increases for patients with acute CSCI,
so does the need and opportunity to advance rehabilitation approaches for these patients. This
perspective paper is a critical step in addressing this need and motivating the advancement of
rehabilitation strategies for CSCI patients. (See Video Abstract, Supplemental Digital Content)

INTRODUCTION

Respiratory dysfunction is a leading cause of illness and death following SCI.1 Individuals
with cervical spinal cord injury (CSCI) have the greatest risk of developing respiratory
dysfunction and associated complications such as pneumonia, atelectasis, and respiratory
failure.35 Nearly 40% of SCI cases involve the upper cervical segments (C1-C5)?! resulting
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in neurological impairment of the phrenic system and weakened diaphragm activation.6-9
Therefore consideration of strategies for respiratory rehabilitation that can be implemented
into rehabilitation care settings is necessary. This perspective paper discusses use of
intramuscular diaphragm stimulation, or diaphragm pacing (DP), for individuals with CSCI.
We also introduce a conceptual model focused on respiratory rehabilitation and recovery that
incorporates strategies for DP use

The current standard of care for managing acute respiratory dysfunction following CSCI is
mechanical ventilation (MV).110 While this is a life-saving approach, it can be associated
with severe negative consequences, such as rapid and profound diaphragm atrophyl1-14
increased infection rates,1® and increased reliance on long-term MV.16:17 The impact of
MV on the diaphragm has been termed ventilator-induced diaphragm dysfunction (VIDD),
and this results at least in part from oxidative stress in the diaphragm.18 Importantly,
VIDD appears to be greater after CSCI. That is, conditions created by SCI (e.g., disuse,
inflammation, etc.) exacerbate the impact of MV.13 Collectively, these factors associated
with MV can prolong hospitalization, degrade health, and lead to higher healthcare
utilization and costs.19

Intramuscular diaphragm stimulation, or diaphragm pacing (DP), is a strategy to

promote improved respiratory function and MV weaning - thereby reducing related
complications.20-21 Briefly, this approach involves laparoscopic placement of intramuscular
electrodes in each hemidiaphragm, near the insertion of the phrenic nerve.2223 The electrode
wires are externalized and connected to a pulse generator to deliver stimulation at an
intensity and rate individualized for each patient. Historically DP has been used in chronic
SCI cases to enable liberation from MV.24 However, there is now increasing use of DP
acutely after CSCI to facilitate weaning from MV, and promote earlier transitions from
acute hospitalization to subacute rehabilitation care settings.2%:25 Recent reports indicate
that some trauma centers now routinely evaluate all patients admitted with acute traumatic
CSClI for DP implantation.2% Increased use and earlier placement of DP systems have led to
emerging evidence that DP promotes diaphragm muscle health as well as improved recovery
of independent breathing function.20:24.25 The potential benefits of DP are perhaps not
surprising since prevention of disuse atrophy in skeletal myofibers via electrical stimulation
is well established.26-28

As the understanding and use of DP is growing, consideration should be given to
advancement of rehabilitation models specific to the unique circumstances and needs
of the relevant patient population. Rehabilitation models provide a framework for goal
establishment, development of care guidelines, and research priorities.2? While many
rehabilitation models exist for SCI care and weaning from MV,30-32 the use of DP has
not yet been considered as a component of SCI care and rehabilitation.

The goals of this perspective paper are to 1) discuss advances in DP use, potential effects
of diaphragm stimulation, and consideration of DP as adjunctive rehabilitation strategy;
2) introduce a conceptual model for respiratory rehabilitation and recovery focused on
individuals with CSCI who may require DP due to severe respiratory impairment, and; 3)
describe application of the model in an inpatient SCI rehabilitation program.
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Advancements in Diaphragm Pacing post-SCI

In recent years, DP has begun to be implemented acutely after CSCI to promote MV
weaning and minimize MV related complications. Another benefit of early use of MV is to
enable earlier care transitions, such as from intensive care settings to less acute settings, and
from acute to subacute care settings where intense rehabilitation can be a focus.20.25.33
Acute DP use is associated with gains in respiratory function, recovery of voluntary
diaphragm activation (recorded via indwelling wires), and recovery of independent breathing
without reliance on DP.20:25:33 These indications that DP can be beneficial are not unique

to cases of SCI. For example, after DP, increased respiratory function, reduced ventilator
reliance, and increased voluntary diaphragm activation was described in patients with Pompe
disease, a rare but severe neuromuscular disorder where respiratory failure often necessitates
ventilator dependence.34 The reported gains in function and patient outcomes associated
with DP use suggest that diaphragm stimulation may be a beneficial rehabilitation strategy

and have benefits beyond maintenance of respiratory rhythm and use as a replacement for
MYV, 20.25,33,34

Effects of Stimulation on Diaphragm Function and Respiratory Pathways

The use of DP has potential as a rehabilitation tool by directly impacting diaphragm
myofibers, as well as inducing neuroplasticity via activation of sensory afferents. Since
VIDD is associated with diaphragm atrophy,12:13 it follows that preventing diaphragm
inactivity through the use of DP may be beneficial. In support of this concept, studies
conducted during acute surgical procedures confirm that direct electrical stimulation of the
diaphragm improves contractile force and mitochondrial function.3%:36 Thus, at least part of
the physiological benefit of DP is likely to be improved diaphragm muscle health.

In regards to a possible neural impact of DP and subsequent neuroplastic changes, there
are several possibilities. First, the vigorous diaphragm contractions induced during DP are
certain to activate diaphragm sensory afferents. Indeed, the phrenic nerve contains a large
number of sensory afferents including large diameter myelinated (group la, Ib, 1), small
diameter myelinated (group I11) and unmyelinated axons (group IV). Smaller diameter
fibers are numerous and discharge across the respiratory cycle (for review, see Nair37).
Activation of group I11-1V phrenic afferents results in increased diaphragm activity, and
group | and Il afferents can excite or inhibit diaphragm output. Therefore, DP, through
repeated activation of sensory afferents, has the potential to evoke neuroplastic changes

in the neurons and networks that control the diaphragm. A second consideration is the
trophic relationship between motoneurons and the muscle fibers they innervate (reviewed
in Mantilla38). Because of this relationship, phrenic motoneuron activation during DP (e.g.,
antidromically or via sensory afferent feedback) may impact the overall health of diaphragm
motor units.

Further work is needed regarding the physiology of DP effects after SCI, but the reported
successes in weaning from DP to independent breathing20:25:33 suggest that some of the
aforementioned mechanisms may be activated during DP and highlight its potential as a
rehabilitation strategy.
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Stimulation as an Adjunctive Approach

If diaphragm stimulation has beneficial effects similar to other forms of functional electrical
stimulation following SCI,36:39-41 then it may be particularly beneficial when used in
combination with respiratory rehabilitation as an adjunctive, or supportive, therapy. The
rationale for this is accumulating evidence that use of electrical stimulation in combination
with task-specific physical rehabilitation increases task-related motor output and enhances
functional gains in persons with SCI.40:42-45 Specific to functional electrical stimulation via
surface or implanted electrodes, improvements in grasp*6 and walking following SCI43:47.48
have been demonstrated when stimulation is combined with task-specific training. This
accumulating evidence suggests that use of stimulation in combination with physical
rehabilitation may be particularly beneficial in this population. Therefore, diaphragm
stimulation could be considered an adjunctive rehabilitation tool that can be used in
combination with other strategies such as respiratory strength training to promote respiratory
health and recovery.

Why is a model that considers the use of DP necessary?

Use of DP early for individuals with CSCI, as well as facilitation of more rapid transitions
from acute care to rehabilitation, suggests that these complex patients will begin inpatient
rehabilitation sooner after injury and will also require support for DP use.20 Therefore,
comprehensive rehabilitation programs should not only consider the unique needs of these
patients but also prioritize respiratory rehabilitation and recovery as primary rehabilitation
goals. Development of a model that conveys concepts, goals, and relationships may help
facilitate adoption of these emerging ideas and development of new rehabilitation strategies.
Specifically, a model that incorporates DP and is focused on respiratory health after CSCI
should be considered. Although models are widely used in rehabilitation, few focus on
respiratory rehabilitation post-SCI. Instead, most respiratory models focus on protocols to
decrease reliance on acute respiratory interventions such as MV or tracheostomy, rather
than rehabilitation based approaches.10:30:31.49 Moreover, there is a lack of guidance on
rehabilitation of patients with CSCI who require DP. In light of these gaps, a model that
considers respiratory rehabilitation of patients with CSCI using devices such as DP is
needed.

To address this gap we have developed a model of Respiratory Rehabilitation and Recovery

(RRR) to provide a framework for rehabilitation of individuals with CSCI that considers DP
or other adjunctive approaches. The goals and components of the model are described below,
followed by a brief description of an inpatient rehabilitation program that applies this model.

MODEL OF RESPIRATORY REHABILITATION AND RECOVERY

Our proposed model for RRR (Figure. 1) focuses on two overarching and related goals
—a) Recovery of respiratory function and breathing independence and b) promotion of
lifelong respiratory health. The two goals provide the outer frame of the model and are
connected by bidirectional arrows to depict their interdependence. The model components
that contribute to the attainment of these goals are represented by overlapping circles at the
model core. These components are a) an interdisciplinary team; b) quantitative assessment;
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c) training and treatment; and d) adjunctive approaches (i.e., diaphragm pacing). The

model depicts these components as overlapping since they should work synergistically

such that, for instance, interdisciplinary team management enhances outcomes enabling
engagement of the patient in intensive rehabilitation interventions, guided by quantitative
measurement and further enhanced by adjunctive rehabilitative approaches such as DP. This
is in line with the American Thoracic Society/European Respiratory Society which defines
pulmonary rehabilitation, in part, as a comprehensive intervention inclusive of exercise
training, delivered by an interdisciplinary team to improve function, quality of life, and long
term adherence to health enhancing behaviors.50

Respiratory Rehabilitation and Recovery Model Goals

The model goals are aligned with SCI rehabilitation models for other body systems or
functions.#2:51 The rationale for these goals is based on the critical need to address the

high prevalence of infection, decreased respiratory function, high rehospitalization rates,
and high healthcare costs after CSCI 2. In addition to these issues, individuals with severe
respiratory dysfunction often require home device use (i.e. MV, DP, positive airway pressure
machines) and caregiver burden is also particularly high while quality of life after CSCI

is low.234 Thus the model goals are broadly meant to address these issues and encourage
focus on respiratory rehabilitation, as well as interventions and resources to address lifelong
respiratory health.

Interdisciplinary Team—An interdisciplinary approach involves delivery of patient-
centric care through collaborative treatment planning in pursuit of common goals.?®
Programs that utilize interdisciplinary teams generate better results compared to those that
lack them.56:57 Therefore, an interdisciplinary team approach is valuable for management of
the health and medical needs of individuals with CSCI who may use DP. These individuals’
care needs are high due to factors such as previous prolonged MV use, 10 tracheostomy,10
care of externalized pacing wires,>8 management of the pacing device,®® and high rates of
anxiety, fear, and depression.>?:60 Coordination of the interdisciplinary team requires a high
degree of reciprocal communication,61 which helps ensure all members remain informed.
Table 1 outlines members of an interdisciplinary team and their roles regarding patients with
CSCI who use DP. Team member involvement will depend on patient care requirements,
characteristics of the care setting, and available resources.52

Training and Treatment—An effective, well-established rehabilitation treatment for
respiratory impairment after SCI is respiratory strength training (RST).93-66 RST increases
inspiratory and expiratory pressure-generating capacity, vital capacity, and maximal
voluntary ventilation in adults with SC1.56-68 These gains in respiratory function help
protect against potentially life-threatening complications like pneumonia.%® Examples of
RST include resistive training or threshold training for both inspiration and expiration
(IMST/EMST)87 and can successfully be implemented in rehabilitation settings.54 RST can
be performed similar to limb muscle training with considerations of exercise frequency,
duration, and intensity (Table 2).66 Training must be sufficiently intense, such as 15 out of
20 or ‘hard’ on a self-rating of perceived exertion and parameters should be progressed to
maintain the intensity.” RST should be started as early as possible after SCI and ongoing
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training should be a part of lifelong respiratory health management.”® This is critical since
respiratory function has potential to decline when these programs are not continued. In fact,
experts suggest that “respiratory muscle training may be a central aspect of maintaining
health and quality of life in this group of individuals with SCI”. 68

DP as an Adjunctive Approach—While RST is an established rehabilitation approach
for individuals with SCI,86 there are no established adjunctive interventions to enhance

or maximize the benefits of RST. Combinatorial therapeutic approaches to amplify the
effects of single interventions may synergistically augment spinal plasticity, inducing greater
functional improvement. Since combinatorial approaches that pair adjunctive therapies with
task-specific training are beneficial in other aspects of SCI rehabilitation,*2-45"1 jt is
reasoned that they should be considered for use in respiratory rehabilitation. Diaphragm
pacing may provide a means to deliver this type of combinatorial approach to individuals
requiring its use after CSCI. DP works by rhythmically stimulating the diaphragm according
to a pre-established set of stimulation parameters. Current stimulation approaches are
open-loop and do not adjust to user needs (i.e. increased ventilation, blood gas changes).
Therefore, a closed-loop delivery system could be particularly effective in meeting patient
needs and is currently under development.’2 One aspect that has yet to be evaluated is
stimulation parameters to maximize individualized responses. While these are important
steps in the consideration of how DP can be harnessed as a rehabilitation tool, further
research is necessary to evaluate DP effects, especially when used acutely after injury.
Despite the need for further research, it is not uncommon for rehabilitation strategies

to be used, often to the benefit of patients, before definitive evidence is available. The
incorporation of DP into respiratory rehabilitation paradigms may help emphasize the
importance of understanding the effects of diaphragm stimulation and stimulate research
and advancements in clinical practice.

Quantitative Measurement—Quantitative measures of respiratory function are essential
to assess pulmonary function, monitor patient progress, and set patient-specific goals.
Measures of pressure generation such as maximal inspiratory and expiratory pressures
generation are indirect measures of respiratory muscle strength.’3 Improvements in

these measures are associated with improved cough capacity and secretion clearance.”
Additionally, thresholds for maximal inspiratory pressure generation have been established
to identify individuals who are at risk of developing pneumonia after SCI.59 Measures

of spirometry, such as forced vital capacity, forced expiratory volume in 1 second,

and peak expiratory flow provide metrics of respiratory function’® and are moderately
accurate predictors of respiratory infection in the first year after discharge from inpatient
rehabilitation in SCI.76 These measures are reliable in the SCI population,’” easy to
perform, are relatively low-cost measures, and are necessary to perform regularly to adapt
RST goals (Table 3).58:78 Furthermore, quantitative measurement of respiratory function
should be used to guide education needs, home exercise, monitoring frequency, and resource
needs after discharge from inpatient rehabilitation. 68.78
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Application of the RRR Model and Program Development

The goal of the following section is to describe application of the RRR Model in an
inpatient rehabilitation program that serves CSCI patients who require DP. The program
was initiated in 2013 due to an increase in admissions of patients who had received DP
during acute hospitalization. The initial program goal was to address unique rehabilitation
needs and facilitate safe and healthy transitions from inpatient rehabilitation to home or
another setting. Since program inception, 34 patients have participated, and the program
has evolved and now includes a formalized program for weaning from DP (for those

who meet criteria). All patients involved in this program had a CSCI and received DP
during acute hospitalization. Nearly all individuals had injuries at or above C5 and had
injuries classified by International Standards for the Neurologic Classification of Spinal
Cord Injury™ as A, B, or C. Approximately half of the individuals had injuries classified as
incomplete vs. complete. The demographic characteristics of the group were heterogeneous
and varied based on cause of injury (i.e., violence or vehicular accident, fall), secondary
health conditions, length of acute hospitalization, and prior health status. Most individuals
received the implanted diaphragm pacer within 2 weeks after injury and were admitted to
inpatient rehabilitation within ~3 to 8 weeks after injury.

Of 34 patients, 31 recovered independent respiration without reliance on the pacing
device. Anecdotally, individuals with high cervical complete injuries, as well as those with
comorbidities or advanced age had greater difficulty weaning from DP, had more setbacks,
or continued to require device use to maintain adequate ventilation.

While overall outcomes are encouraging, individuals continue to have respiratory
impairment and remain at high risk for illness and infection, necessitating ongoing
rehabilitation, support, and resources. Program details aligned with the RRR Model
components are summarized below.

Immediately following patient admission into the program, the interdisciplinary care team
is established. Interdisciplinary team members address typical SCI care needs but also are
focused on unique requirements such as wound care at the site of the externalized DP
wires, DP device management, tracheostomy care and secretion management, support for
depression and anxiety, peer mentorship, dietary requirements, caregiver training, discharge
preparation, equipment needs, home modifications, and rehabilitation care transitions.

To ensure clear and consistent communication amongst the team members a variety of
communication methods were developed, many by trial and error, to ensure timeliness and
efficiency. Methods include clinical tracking of patient respiratory status and function, daily
10 min ‘huddles’, weekly team conferences that may include the patient and/or caregiver, as
well as modifications to the electronic documentation system to include respiratory specific
information.

Quantitative measurements of respiratory function and RST are performed by trained
members of the multidisciplinary team. Upon program inception, physical therapists and
speech-language pathologists shared this responsibility. The program was expanded to
include greater involvement of respiratory therapy, and currently, a respiratory therapist with
experience in CSCI oversees quantitative respiratory assessments (i.e. forced vital capacity,
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maximal pressure generation). The respiratory therapist also is responsible for conducting
daily RST. Additionally, measures of perceived exertion, dyspnea, oxygen saturation, and
respiratory rate are monitored regularly during self-care, treatment sessions, and throughout
the day by members of the care team. Tracking of daily RST session parameters, quantitative
respiratory assessments, and other aspects of respiratory functioning help ensure progression
of RST, monitoring of respiratory and health status, and determination of DP needs.

A key development of our program was the formalization of a weaning process to reduce
reliance on DP and in many cases, promote liberation from the device. This program
aspect initially was handled on a patient by patient basis without a consistent process.
Over time and with experience, the program evolved to include clearer, more consistent
guidelines for DP weaning initiation, weaning progression and a formal process for patient
monitoring, suspending weaning, as well as enhanced communication during the weaning
process. Decisions regarding DP weaning or diminishing DP use are based on patient
progression, medical status, quantitative respiratory assessments indicating progressive gains
in respiratory function, and demonstration of independent respiration, such as when the
pacer is off (i.e. battery changes) or a demonstrated volitional ability to alter respiratory
volumes and rate.

While the program is now formalized and based on the RRR Model, further development

of DP use and respiratory rehabilitation is needed. Better understanding and development

of approaches to adjust DP stimulation parameters is an immediate consideration since the
device is in use and appears to have beneficial effects. Advancing combinatorial approaches
for respiratory rehabilitation also is necessary. Additionally, better understanding of long-
term outcomes following participation in respiratory rehabilitation should be evaluated,
especially for individuals who were able to successfully wean from DP during rehabilitation.
While DP liberation is a desired outcome, the overall goal is improved respiratory function
and recovery to promote lifelong health. To promote ongoing recovery and health, our
program places high emphasis on patient and caregiver education and referral to community-
based resources that specialize in programs for individuals with CSCI. Long term follow-

up is critical to ensure patient and caregiver needs such as early detection of problems,
referral to appropriate health resources, addressing equipment needs, and ensuring adequate
access to health and community resources are met.8% Our program currently has several
community programs for wellness and adaptive sports, as well as peer mentoring. Our focus
is respiratory health awareness and development of respiratory rehabilitation approaches that
can be integrated into existing programs.

Conclusion

In summary, DP use for patients with acute CSCI is growing and therefore there is a

need and opportunity to advance rehabilitation for these patients. Diaphragm stimulation,
particularly early after injury, may promote diaphragm muscle health, enhance respiratory
function, and even induce a rehabilitative or neuroplastic effect as the ‘task’ or rhythm

of breathing is stimulated and facilitated (i.e. task-specific training and induction of activity-
dependent plasticity). The use of combinatorial approaches is increasingly supported,
especially when paired with rehabilitation. With the use of DP earlier after injury, patients
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are transitioning to rehabilitation care settings sooner while using this device. Although
further understanding of how DP contributes to respiratory recovery, and continued
development of respiratory rehabilitation strategies are still needed, there are indications
that DP may be a valuable rehabilitation tool. Thus, we are at a juncture—the device can be
ignored from a rehabilitation perspective or we can conceptualize how to maximize its use
to promote rehabilitation outcomes and integrate ideas and evidence to enhance respiratory
function after CSCI. We encourage that the RRR Model provides a foundation for advancing
respiratory rehabilitation, recovery, and life-long respiratory health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Training & Quantitative
Treatment Measurement

Inter-
Disciplinary
Team

Figure 1.
The Model for Respiratory Rehabilitation and Recovery for Individuals with Cervical spinal

cord injury. Model components are synergistic, depicted by overlapping circles (Training

& Treatment, Quantitative Measurement, Interdisciplinary Team, Adjunctive Approaches).
These four core components serve two interdependent goals, represented by outer rings with
bidirectional arrows.
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Table 1.

Discipline-Specific Roles for Respiratory Rehabilitation and Diaphragm Pacing 306162

Discipline Role

Respiratory specialist (Pulmonologist, RT)  Perform and assess respiratory outcomes (i.e., Pulmonary function testing)
Labs (ABGs, ETCO?2, etc.)

Therapy team (PT/OT/SLP/RT) Respiratory Strength Training
Assisted cough, draining/positioning, chest therapy
Respiratory-focused education

DP stimulation parameter adjustment and weaning (as appropriate)
Physician/Physiatrist Medical management/oversight
Initiate order for DP weaning (as appropriate)

Nurse 24 hour patient monitoring
DP wire site wound management and battery changes
Secretion management/suctioning

Psychologist Coping strategies
Adjustment to illness/disability
Patient and family support

Social Worker/Case Manager Identifying discharge needs with emphasis on SCI and respiratory health needs
Discharge planning
Psychosocial support

Dietician Oversee nutritional status and dietary needs
Ensure sufficient caloric intake to address respiratory demands

Abbreviations: RT, respiratory therapist; ABGs, arterial blood gases; ETCO2, end-tidal CO2; PT, physical therapist; OT, occupational therapist;
SLP, speech language pathologist; RT, respiratory therapist; DP, diaphragm pacer; SCI, spinal cord injury. Disciplines and roles should be adapted
as needed based on site-specific interdisciplinary team make-up and individual member knowledge/skill.
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Table 2.

Considerations for Respiratory Strength Training 67

Training Type

Resistive Training

Threshold Training

Normocapnic
hyperpnea

Intensity
Time/Duration

Frequency

Definition
Method of strengthening via increasing load on respiratory muscles or minute ventilation

Involves breathing through a small diameter hole (resistor), which limits available flow and increases
ventilatory (training) load

Involves breathing with sufficient force to overcome a spring-loaded valve to enable airflow

Involves simultaneous training of inspiratory and expiratory muscles via re-breathing bag (at 30% to 40%
of the participant’s forced ventilatory capacity) connected to a tube system and mouthpiece

Set at a percentage of maximal effort (via respiratory strength, pressure or ventilatory capacity)
Number of repetitions performed or amount of time spent performing training in a single session

Number of weekly training sessions or intersession time interval (i.e., 7 days per week or daily)
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Type of assessment
MIP (also PImax)

SNIP

MEP (also PEmax)
FvC

FEV1

PEF

Description

Maximal inspired pressure generated at the mouth; reflects inspiratory muscle
strength

Short, sharp voluntary inspiratory maneuver performed through one or both
unconcluded nostrils; reflects inspiratory muscle strength

Maximal expired pressure generated at the mouth; reflects expiratory muscle
strength

Maximal volume of air exhaled with maximal forced effort from a maximal
inspiration

Maximal volume of air exhaled in the first second of a forced expiration from
a position of full inspiration

Highest flow achieved from a maximum forced expiratory maneuver started
without hesitation from a position of maximal lung inflation

Equipment

Pressure manometer with flanged
mouthpiece, filter, nose clip

Pressure manometer, nasal catheter
Pressure manometer with flanged
mouthpiece, filter, nose clip
Spirometer, filter, nose clip

Spirometer, filter, nose clip

Peak flow meter or spirometer, filter,
nose clip

Abbreviations: MIP or PImax, maximal inspiratory pressure; SNIP, sniff nasal inspiratory pressure; MEP or PEmax, maximal expiratory pressure;
FVC, forced vital capacity; FEV1, forced expiratory volume in 1-second, PEF, peak expiratory flow
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