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Abstract

Following pulmonary embolism (PE), a third of patients develop persistent dyspnea, which is commonly termed the post-PE syn-
drome. The neurophysiological underpinnings of exertional dyspnea in patients with post-PE syndrome without pulmonary hyper-
tension (PH) are unclear. Thus, the current study determined if abnormally high inspiratory neural drive (IND) due, in part, to
residual pulmonary gas-exchange abnormalities, was linked to heightened exertional dyspnea and exercise limitation, in such
patients. Fourteen participants with post-PE syndrome (without resting PH) and 14 age-, sex-, and body mass index-matched
healthy controls undertook pulmonary function testing and a symptom-limited cycle cardiopulmonary exercise test with measure-
ments of IND (diaphragmatic electromyography), ventilatory requirements for CO2 (V_ E/V_ CO2), and perceived dyspnea intensity
(modified Borg 0–10 scale). Post-PE (vs. control) had a reduced resting transfer coefficient for carbon monoxide (KCO: 84 ± 15 vs.
104 ± 14%pred, P < 0.001) and peak oxygen uptake (V_ O2peak) (76 ± 14 vs. 124 ±28%pred, P < 0.001). IND and V_ E/V_ CO2 were
higher in post-PE than controls at standardized submaximal work rates (P < 0.05). Dyspnea increased similarly in both groups as
a function of increasing IND but was higher in post-PE at standardized submaximal work rates (P < 0.05). High IND was associ-
ated with low KCO (r = �0.484, P < 0.001), high V_ E/V_ CO2 nadir (r = 0.453, P < 0.001), and low V_ O2peak (r = �0.523, P < 0.001). In
patients with post-PE syndrome, exercise IND was higher than controls and was associated with greater dyspnea intensity. The
heightened IND and dyspnea in post-PE, in turn, were strongly associated with low resting KCO and high exercise V_ E/V_ CO2,
which suggest important pulmonary gas-exchange abnormalities in this patient population.

NEW & NOTEWORTHY This study is the first to show that increased exertional dyspnea in patients with post-pulmonary embo-
lism (PE) syndrome, without overt pulmonary hypertension, was strongly associated with elevated inspiratory neural drive (IND)
to the diaphragm during exercise, compared with healthy controls. The greater IND was associated with impairments in pulmo-
nary gas exchange and significant deconditioning. Our results help to explain why many patients with post-PE syndrome report
significant dyspnea at relatively low levels of physical activity.

dyspnea; exercise capacity; inspiratory neural drive; post-PE syndrome

INTRODUCTION

Chronic activity-related breathlessness (dyspnea) occurs in
up to 30% of survivors of acute pulmonary embolism (PE),
even after effective anticoagulation (1). The causes of persis-
tent dyspnea following remote PE are heterogeneous and
thought to include previous cardiopulmonary disease, morbid

obesity, and/or deconditioning (1–3). However, it has been
recognized that some such patients report persistent dysp-
nea, exercise intolerance, and reduced quality of life, inde-
pendent of the aforementioned comorbidities, and this
has been termed the post-PE syndrome (4). Patients with
this syndrome include: chronic thromboembolic pulmo-
nary hypertension (CTEPH), chronic thromboembolic
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disease (pulmonary vascular occlusion on imaging with-
out pulmonary hypertension [PH]), and post-PE related
dyspnea (no vascular occlusion or PH) (4, 5). Although the
cause of exercise limitation has been explored in CTEPH,
the physiological underpinnings of dyspnea and reduced
exercise capacity in patients with post-PE syndrome with-
out resting PH are poorly understood and are the main
focus of the current study.

Recent studies in various respiratory diseases (both ob-
structive and restrictive) have shown that exertional dyspnea
intensity consistently rose in close association with excessive
increases in inspiratory neural drive (measured by dia-
phragm electromyography, EMGdi) during exercise (6–8). In
these studies, increased EMGdi during exercise was thought
to reflect heightened central medullary and cortical motor
command output, suggestive of compensatory responses to
pulmonary gas exchange abnormalities, and to a greater
extent, excessive mechanical loading and functional inspira-
tory muscle weakness (6–8). It is reasonable to postulate that
in post-PE syndrome, where microvascular integrity is likely
disrupted, increased inspiratory neural drive and dyspnea
would, in part, reflect the effect of persistent ventilation-per-
fusion (V_ A/Q_ ) maldistribution (9), rather than abnormal
dynamic mechanics that predominate in other chronic lung
diseases (6, 7).

Past studies in post-PE syndrome (with and without PH)
have shown reduced exercise ventilatory efficiency (abnor-
mally high ventilatory requirements for CO2 [V_ E/V_ CO2]),
compared with healthy controls, despite preserved resting
respiratory mechanics (10, 11). In these studies, the increased
V_ E/V_ CO2 was due primarily to heightened physiological dead
space (high V_ A/Q_ ratios) and to a lesser extent alveolar
hyperventilation (i.e., low regulated level of arterial CO2)
(10–12). In CTEPH, significant abnormalities in right ventricu-
lar function and excessively high pulmonary arterial pres-
sures can impair central hemodynamics (i.e., blunted cardiac
output and capillary hypoperfusion) and may contribute to
the increased exercise V_ E/V_ CO2 (9, 13). However, in patients
with dyspneic post-PE syndrome with normal right ventricu-
lar function, and preserved resting and/or mildly impaired
exercise hemodynamics, we postulate that increased physio-
logical dead space and associated compensatory increases in
ventilation, may represent the effects of residual regional pul-
monary capillary hypoperfusion (9, 11, 14). Thus, the resultant
compromised CO2 elimination and increased chemo-stimula-
tionmight contribute to compensatory increases in the inspir-
atory neural drive to breathe. In turn, the higher ventilatory
requirements during exercise while preserving arterial blood
gas homeostasis, may come at the cost of increased perceived
breathing effort.

Accordingly, the main objective of the current study was
to undertake a detailed pathophysiological characterization
of the post-PE group (without resting echocardiographic PH)
by comparing dyspnea intensity ratings and systematic
physiological responses with incremental cycle exercise with
those of healthy control participants. Secondary objectives
were to explore the inter-relationships between heightened
dyspnea and inspiratory neural drive, pulmonary gas-
exchange, operating lung volume, and noninvasive cardio-
vascular responses in post-PE participants during exercise.
We tested the hypothesis that greater exertional dyspnea

and exercise intolerance in post-PE is consistently associated
with elevated inspiratory neural drive arising, in part due to
the effects of increased V_ E/V_ CO2.

METHODS

Study Overview and Participants

The present study was a prospective, case-controlled
observational study (ClinicalTrials.gov:NCT03786367) and
received approval by the Health Sciences and Affiliated
Teaching Hospitals Research Ethics Board at Queen’s
University (DMED-2208-8). After providing written informed
consent, all participants complete two sessions over a 1-wk
period. Visit 1 included medical history screening, detailed
pulmonary function testing (PFT), and a familiarization
symptom-limited incremental cardiopulmonary exercise test
(CPET) on a cycle ergometer. Visit 2 included a symptom lim-
ited CPET with measurements of EMGdi and arterialized
blood gases. Participants were asked to avoid caffeine, smok-
ing, vigorous exercise, and alcohol 6 h before testing.

Fourteen consecutive patients referred for clinical
evaluation of persistent dyspnea following a remote PE
(without evidence of PH) were recruited from Respirology
and PH clinics at the Kingston Health Sciences Centre
(Kingston, Canada). Fourteen age-, sex-, and body mass
index (BMI)-matched controls were included in the anal-
ysis. Two controls were prospectively recruited by word-
of-mouth and data from 12 controls were extracted from
the Respiratory Investigation Unit (Queen’s University)
database registry.

Diagnosis of post-PE syndrome was confirmed before
enrollment by the primary treating Respirologist in accord-
ance with major international guidelines (5, 15). All patients
with post-PE syndrome were >20-yr old and clinically stable
(no hospital admissions in preceding 6 wk). Patients with
post-PE syndrome were included if they reported moderate
chronic activity-related dyspnea [Baseline Dyspnea Index
focal score (16) <9] without a clearly identified alternate di-
agnosis, and were able to perform study procedures. Patients
were excluded if they had a contraindication to CPET, a

Figure 1. STROBE flow diagram for participant recruitment and study anal-
ysis. PE, pulmonary embolism.
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clinical diagnosis of CTEPH, and/or a history of obstructive
or restrictive lung disease.

Procedures

Spirometry, plethysmography, and diffusing capacity (DLCO)
and transfer coefficient (KCO) for carbon monoxide measure-
ments were performed using automated equipment following
guidelines (17–19). PFT data were expressed relative to pre-
dicted normal values as appropriate (20–22). Chest computed
tomography (CT) scans were available in all patients with post-
PE syndrome and were qualitatively assessed by two experts
(K.M.M. and D.E.O.) to 1) determine any persistent vascular
occlusion and, 2) rule out the presence of severe emphysema
and/or fibrosis. Echocardiogram results performed as a part of
standard clinical care were available in all patients.

On both visits, CPET was conducted on an electronically
braked cycle ergometer (Ergometrics 800S; SensorMedics,
Yorba Linda, CA) using a metabolic measurement system
(Vmax229d; SensorMedics), as previously described (23).

Briefly, tests consisted of 6-min steady-state resting, followed
by 20 W/2-min increases in work rate until symptom limita-
tion. Measurements included standard breath-by-breath car-
diorespiratory and breathing pattern parameters, pulse
oximetry-derived arterial O2 saturation, and electrocardio-
gram-derived heart rate. Select parameters were expressed
relative to predicted normal values (24). During CPET, par-
ticipants rated their perceived dyspnea and leg discomfort
with the modified Borg 0–10 category-ratio scale at rest,
within the last 30 s of every work rate increment and at
symptom limitation (25). Inspiratory capacity (IC) maneuvers
were performed at the same rest, exercise, and peak exercise
intervals. Standard expired gas data were collected over the
first 30 s of every secondminute during CPET and were linked
with the Borg ratings and IC measurements collected in the
final 30 s of the respective minute to avoid contamination of
the expired gas data from the IC maneuvers. Immediately fol-
lowing CPET, participants verbalized their main reasons for
stopping (breathing, legs, combination of both).

Table 1. Characteristics of patients with post-pulmonary emboli syndrome (n = 14) and healthy controls (n = 14)

Control Post-PE

Participants (n) 14 14
Demographic/anthropometric/clinical
Males/females (n) 3/11 3/11
Age, yr 57.4 ± 13.2 59.0 ± 14.7
Body mass index, kg/m2 30.0 ± 4.9 31.9 ± 4.4
Smoking history, pack-years 0.1 ± 0.4 9.6 ± 15.4
Current smokers (n) 0 2
BDI 0–12 11.0 ± 1.3 6.4 ± 1.7�
OCD 0–100, mm 89.1 ± 14.4 53.0 ± 14.�
mMRC dyspnea scale 0–4 0.3 ± 0.4 1.7 ± 0.9�

Exercise capacity
WRpeak, %pred 120 ±26 78 ± 15�
V_ O2peak, %pred 124 ± 28 76 ± 14�

PE severity/Timing
Massive/High risk 2
Sub-massive/Intermediate 4
Low risk 8
Time from PE to CPET months median (interquartile range) 16.7 (6.0–37.2)

Imaging
CT-derived vascular obstruction (n) 9

Echocardiogram
LV ejection fraction, % 68 ±8
RVSP, mmHg 32 ± 11
TRV, cm/s 266 ±52

Pulmonary function
FVC, L 3.6 ± 0.9 (104 ± 13) 3.5 ± 0.9 (96 ± 13)
FEV1, L 2.7 ± 0.6 (98 ± 13) 2.6 ± 0.7 (90 ± 13)
FEV1/FVC, % 74 ±5 (94 ± 6) 74 ± 4 (93 ±4)
FEF25–75%, L/s 2.1 ± 0.8 (78 ± 32) 2.0 ± 0.9 (73 ± 21)
SVC, L 3.7 ± 0.8 (100 ± 12) 3.6 ± 0.9 (93 ± 13)
IC, L 2.8 ± 0.6 (107 ± 15) 2.8 ± 0.6 (104 ± 15)
FRC, L 2.4 ± 0.6 (86 ± 19) 2.5 ± 0.7 (81 ± 21)
RV, L 1.5 ± 0.3 (87 ± 20) 1.7 ± 0.5 (89 ±24)
TLC, L 5.2 ± 0.9 (96 ± 11) 5.3 ± 1.1 (91 ± 14)
DLCO, mL/min/mmHg 20.9 ± 5.7 (96 ± 3) 15.9 ± 3.71� (71 ± 14)�
VA, L 4.7 ± 0.9 (93 ± 9) 4.6 ± 0.9 (85 ±9)
KCO, mL/min/mmHg/L 4.5 ± 0.7 (104 ± 14) 3.5 ± 0.6� (84 ± 15)�
VA/TLC, % 89.6 ± 6.9 87.2 ± 8.0

Values are represented as means ± SD, absolute (% predicted) or frequency, unless otherwise stated. BDI, baseline dyspnea index; CT,
computed tomography scan; DLCO, diffusing capacity of the lung for carbon monoxide; FEF25–75%, forced expiratory flow between 25 and
75% of FVC; FEV1, forced expiratory volume in 1 s; FRC, functional residual capacity; FVC, forced vital capacity; IC, inspiratory capacity;
LV, left ventricle; KCO, transfer coefficient for carbon monoxide; mMRC, modified medical research council; OCD, oxygen cost diagram;
PE, pulmonary embolism; RV, residual volume; RVSP, right ventricular systolic pressure; SVC, slow vital capacity; TLC, total lung
capacity; TRV, tricuspid regurgitant velocity; VA, alveolar volume; V_ O2, oxygen uptake; WR, work rate. Data were analyzed using
unpaired t tests. �P < 0.05 Control vs. Post-PE.
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Diaphragm electromyography.
EMGdi data were recorded continuously at rest and during
exercise. Briefly, an esophageal catheter with five multipaired
electrodes (Eso101, Top Pine Technology Development
Limited, Hong Kong, China) was inserted nasally and opti-
mally positioned according to the strength of the inspira-
tory EMGdi signal (26, 27). EMGdi data were sampled
continuously using a data acquisition system (LabChart,
v8.1.2.1 and PowerLab, model ML880; ADInstruments,
Castle Hill, Australia) and stored for offline analysis, as
described in past publications by our group (6, 28, 29).
Briefly, maximal EMGdi (EMGdimax) was selected from the
largest value measured during serial IC maneuvres (base-
line, submaximal exercise, and peak exercise). EMGdi as a
percentage of EMGdimax [EMGdi (%max)] was used as an
index of the inspiratory neural drive to the crural diaphragm
based on several assumptions previously described (6, 7).

Capillary blood gas.
To estimate arterial CO2 blood gas tension, arterialized capil-
lary blood samples were drawn in duplicate from the ear-
lobes at rest and peak exercise (30, 31). Using a warm cloth,
the earlobe was warmed for 5 min followed by a deep punc-
ture with a lancet. Subsequently, duplicate blood samples
were drawn into heparinized capillary tubes, placed on ice,
and analyzed immediately (ABL, Radiometer, Copenhagen,
Denmark). Total physiological dead space (VD/VT) was then
estimated using themodified Bohr/Enghoff equation (32):

VD=VT ¼ PaCO2 � PECO2ð Þ=PaCO2

� �� VDM=VTð Þ
where PECO2 is the partial pressure of mixed expired CO2,
PaCO2 is the partial pressure of arterialized (capillary) CO2,
VDM is the volume of the breathing valve and mouthpiece,
and VT is the tidal volume (30). Capillary blood gas data were
only available in the post-PE group and were compared with
previously published reference normative values (33).

Statistical Analysis

In the current study, 14 patients with post-PE syndrome
and 14 controls were required to detect the minimal

clinically important difference of 1.0 Borg unit (34) between
groups in dyspnea intensity at the highest equivalent cycle
work rate achieved by all participants (80 W), based on the
assumptions of a standard deviation of 1.0 Borg units, a =
0.05, power = 0.8, and two-tailed test of significance.

Data are presented as the means ± SD unless otherwise
stated. Statistical significance was set a priori at P < 0.05 for
all analysis. Unpaired t tests were used to evaluate partici-
pant demographics, PFT, and selected CPET variables. Two-
way repeated-measure analysis of variance, with Bonferroni
corrected t tests, was used to evaluate the effect of group
(fixed factor) on key dependent variables during incremental
exercise (repeated factor). Pearson correlations were used to
determine associations between continuous variables of in-
terest. Linear regression was used to determine exertional
dyspnea-to-V_ O2 and dyspnea-to-V_ E slopes. The anaerobic
threshold (AT) was determined using the v-slope method, as
previously described (35–38). Fisher’s exact was used to com-
pare between-group differences in the frequency of selecting
breathing discomfort, alone or in combination with leg dis-
comfort as the primary reason for stopping exercise. All data
were analyzed using Statistical Package for Social Sciences
(SPSS v.27, IBM).

RESULTS

Patient Characterization

Of the 22 patients identified with post-PE syndrome, 14
completed the study and were included in the final analysis
with 14 age-, sex-, and BMI-matched controls (Fig. 1).

Detailed participants characteristics are provided in Table 1.
Both groups were predominantly female. On average, the BMI
in both groups was consistent with class I/mild obesity (i.e.,
BMI 30–35 kg/m2). Seven of fourteen patients with post-PE
syndrome had a smoking history (2 current smokers). One
control participant had a 1.5 pack year smoking history. Most
patients had an initial presentation of acute (13/14) and unpro-
voked (12/14) PE. All patients with post-PE syndrome were
treated with long-term anticoagulation at the time of study
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Figure 2. Perceived dyspnea and inspiratory neural drive responses to incremental cycle ergometry exercise as a function of increasing work rate
(A and B), and perceived dyspnea as a function of increasing inspiratory neural drive (C) in patients with post-pulmonary embolism (PE) (red trian-
gles, n = 14) and healthy controls (blue circles, n = 14). EMGdi % max, diaphragm electromyography as a percentage of maximum EMGdi (index of
inspiratory neural drive). Diamond symbols within each group represent the anaerobic threshold. Data were analyzed using two-way repeated-
measures analysis of variance, with Bonferroni corrected t tests. �P < 0.05 between groups at standardized submaximal work rates.
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participation. Nine of fourteen patients had evidence of persis-
tent vascular occlusive changes on serial CT scans. Moreover,
echocardiograms were completed within median: 8, range: 1–
44 months of study enrollment. Echocardiographic-derived
resting tricuspid regurgitant velocity and right-ventricular sys-
tolic pressure values were in normal ranges for all patients
with post-PE syndrome (Table 1). Resting lung function was
similar between groups, however, DLCO and KCO were lower in
post-PE compared with controls (both P< 0.001).

Neurosensory Responses to Exercise

Dyspnea intensity was higher at all submaximal exercise
work rates in post-PE, compared with controls (all P < 0.05)
(Fig. 2A). Inspiratory neural drive (EMGdi%max) was greater
in post-PE than controls throughout exercise (all P < 0.05,
Fig. 2B). Dyspnea increased similarly in both groups as a
function of increasing EMGdi%max throughout exercise (Fig.
2C). Dyspnea- V_ O2 slopes were significantly higher in post-PE,
compared with controls (4.0± 1.8 vs. 3.0± 1.8 Borg units/L/
min, respectively, P < 0.001). There were no between-group
differences in the dyspnea- V_ E exercise slope (Post-PE: 0.10±

0.05 vs. Control: 0.08±0.04 Borg units/L/min, P = 0.184).
Breathing discomfort, alone or in combination with leg dis-
comfort was selected as the primary reason for stopping exer-
cise in 71% post-PE versus 43% of healthy controls (P< 0.01).

Physiological Responses to Exercise

There were no between-group differences in V_ O2, V_ CO2,
heart rate (HR), and O2 pulse at submaximal exercise work
rates (all P > 0.05) (Table 2). The anaerobic threshold
occurred at a lower work rate and V_ CO2 in post-PE, compared
with controls (P < 0.001) (Table 3). V_ E and V_ E/V_ CO2 were
greater and PETCO2 was lower throughout submaximal exer-
cise in post-PE, compared with controls (all P< 0.05) (Fig. 3).
During exercise, the nadir (lowest 30 s average) V_ E/V_ CO2 was
greater in post-PE, compared with controls (33±4 vs. 27±2,
respectively, P < 0.001). At peak exercise, partial pressure of
capillary CO2 (PcCO2 ) was within the normal range, whereas
estimated VD/VT and the capillary to end-tidal CO2 difference
were abnormally high in all patients with post-PE syndrome
(Table 2). The greater exercise ventilation was achieved by a
compensatory increase in breathing frequency (P < 0.05),

Table 2. Cardiometabolic, gas exchange, respiratory neuromechanical parameters at rest, highest equivalent work
rate, and peak exercise in patients with post-pulmonary emboli syndrome (n = 14) and healthy controls (n = 14)

Rest HEWR (80 W) Peak

Variable Control Post-PE Control Post-PE Control Post-PE

Work rate, W 0 0 80 80 154 ± 57 96 ±20�
Cardiometabolic and gas exchange
V_ O2, L/min 0.33 ±0.12 0.33 ±0.06 1.34 ± 0.12 1.26 ±0.15 2.31 ± 0.91 1.43 ± 0.33�
V_ CO2, L/min 0.24 ±0.07 0.27 ± 0.06 1.28 ±0.15 1.31 ± 0.16 2.56 ±0.92 1.57 ± 0.39�
RER 0.77 ± 0.09 0.81 ± 0.10 0.96 ±0.14 1.04 ±0.08 1.12 ± 0.11 1.09 ±0.08
SpO2

, % 96.4 ± 1.6 96.1 ± 1.8 95.8 ± 1.6 95.5 ± 2.0 95.5 ± 1.9 95.3 ± 2.1
Heart rate, beats/min 77 ± 13 80 ±8 123 ± 33 121 ± 10 154 ± 22 128 ± 19�
O2 pulse, mL/beat 4.2 ± 0.8 4.4 ± 2.0 10.5 ± 1.9 11.5 ± 3.0 15.1 ± 5.5 11.4 ± 2.4�
V_ E, L/min 9.9 ± 2.5 12.2 ± 2.7� 36.6 ± 6.1 44.7 ± 6.6� 80.4 ± 28.4 54.4 ± 11.8�
V_ E/V_ CO2 42.5 ± 6.6 46.6 ± 7.1 28.4 ± 2.2 34.2 ± 4.5� 31.7 ± 3.7 35.1 ± 4.5�
PETCO2 , mmHg 36.6 ± 4.5 31.7 ± 4.1� 40.9 ± 4.4 33.4 ± 3.7� 35.9 ± 4.9 32.1 ± 3.3
PcCO2 , mmHg 35.1 ± 4.1 35.3 ± 3.3
Pc-ETCO2 , mmHg 3.6 ± 4.6 3.5 ± 3.3
VD/VT 0.36 ±0.04 0.30 ±0.07
VD/VT, % predicted 118 ± 48 167 ± 49

Respiratory neuromechanics
VT, L 0.67 ± 0.19 0.63 ±0.15 1.36 ±0.14 1.48 ±0.34 2.01 ± 0.71 1.65 ±0.49
fB, breaths/min 15.7 ± 4.9 20.6 ± 4.8 27.5 ± 5.7 31.6 ± 6.8 40.5 ± 7.4 34.1 ± 4.4
IC, L 2.84 ±0.67 2.92 ±0.72 2.99 ±0.73 2.79 ±0.73 2.81 ± 0.74 2.73 ± 0.74
IRV, L 2.17 ± 0.71 2.29 ±0.66 2.25 ±0.64 1.95 ±0.61 0.80 ±0.35 1.09 ±0.50
V_ E/MVV, % 11 ± 2 15 ± 5� 43 ± 14 55 ± 19� 63 ± 18 80 ± 14�
VT/IC, % 23 ± 7 22 ±5 50 ± 12 56 ± 15 71 ± 12 61 ± 12
EELV, % TLC 46 ± 7 44 ± 8 43 ± 7 46 ±8 47 ± 9 49 ±6
EILV, % TLC 58 ±8 56 ± 7 70 ±9 74 ± 10 84 ±6 80 ± 7
VT/TI, L/s 0.36 ±0.09 0.48 ±0.15 1.32 ±0.20 1.70 ±0.27� 2.81 ± 0.95 2.20 ±0.42�
VT/TE, L/s 0.30 ±0.09 0.36 ±0.07 1.09 ±0.17 1.42 ±0.23� 2.66 ±0.90 1.67 ± 0.39�
EMGdi%max 8.6 ± 5.3 13.9 ± 7.9 25.5 ± 14.3 40.8 ± 14.2� 60.4 ± 10.7 56.3 ± 13.2
EMGdi%max:VT, %IC 0.4 ± 0.2 0.5 ± 0.3 0.5 ± 0.2 0.7 ± 0.2 0.9 ± 0.3 0.9 ± 0.2
EMGdi%max:V_ E, L/min 1.0 ± 0.7 1.1 ± 0.6 0.7 ± 0.4 0.8 ± 0.5 0.8 ± 0.3 1.0 ± 0.3

Sensory
Dyspnea 0–10 Borg units 0.0 ± 0.1 0.3 ± 0.5 1.2 ± 1.2 3.2 ± 2.3� 5.5 ± 3.1 4.6 ± 1.5
Leg discomfort 0–10 Borg units 0.0 ± 0.0 0.4 ± 1.0 1.8 ± 1.3 3.2 ± 2.6� 5.7 ± 3.4 5.2 ± 2.1

Values are represented as means ± SD. EELV, end-expiratory lung volume; EILV, end-inspiratory lung volume; fB, breathing fre-
quency; EMGdi % max: diaphragm electromyography as a percentage of maximum EMGdi (index of inspiratory neural drive); HEWR,
highest equivalent work rate; IC, inspiratory capacity; IRV, inspiratory reserve volume; MVV, maximal voluntary ventilation; PcCO2 , par-
tial pressure of capillary CO2; Pc-ETCO2 , capillary to end-tidal CO2 difference; PETCO2 , partial pressure of end-tidal CO2; RER, respiratory
exchange ratio; SpO2

, pulse oximetry derived O2 saturation; TE, time of expiration; TI, time of inspiration; V_ CO2, carbon dioxide output;
VD/VT, dead space to tidal volume ratio (total physiological dead space); V_ E, minute ventilation; V_ E/V_ CO2: ventilatory equivalent for CO2;
V_ O2, oxygen uptake; VT, tidal volume. Data were analyzed using two-way repeated-measures analysis of variance, with Bonferroni cor-
rected t tests. �P < 0.05 Control vs. Post-pulmonary embolism (PE).
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while tidal volume was not different between groups (P> 0.05,
Fig. 4,A andB). The duty cycle (% of time spent on inspiration)
was similar between groups (P > 0.05, Fig. 4E), whereas the
inspiratory (VT/TI) and expiratory (VT/TE) flow rates were con-
sistently higher throughout exercise in post-PE than controls
(all P < 0.05, Fig. 4, C and D, Table 2). There were minimal
between-group differences in IC and VT/IC throughout exercise
(Fig. 4, E and F). Moreover, end-expiratory, and end-inspira-
tory lung volumes were not different throughout exercise (both
P> 0.05, Table 2). EMGdi%max was similar between groups at
submaximal work rates, when plotted as a function of increas-
ing ventilation and VT/TI (Fig. 5,A andB).

Detailed demographic and physiological data in patients
with post-PE syndrome with (n = 9) versus without (n = 5) CT-
derived vascular obstruction are presented in Table 4. There
were no between-group differences (with vs. without vascular
obstruction) in resting forced expiratory volume in 1 s (FEV1)
and KCO, peak work rate (WR), and V_ O2, nadir V_ E/V_ CO2, EMGdi
at 80W, and the dyspnea-V_ O2 slopes (all P> 0.05) (Table 4).

Correlates of Increased Exertional Dyspnea

The dyspnea-V_ O2 slope showed significant correlations
(all P < 0.001) with V_ O2peak % predicted (r = �0.523), nadir
V_ E/V_ CO2 (r = 0.453), EMGdi%max-V_ O2 slope (r = 0.367), and
resting KCO (r =�0.484).

DISCUSSION

Main Findings

The current study supported our hypothesis that increased
exertional dyspnea in patients with post-PE syndrome was

strongly associated with elevated inspiratory neural drive
(i.e., EMGdi%max) during exercise, compared with age-, sex-,
and BMI-matched controls with similar resting and exercise
operating lung volumes. The greater EMGdi%max, in turn,
was associated with low resting KCO, and abnormally high V_ E/
V_ CO2 during exercise in post-PE. Our results help to explain
whymany patients with a post-PE syndrome, without clinical
evidence of CTEPH, continue to report abnormally high dysp-
nea ratings at relatively low levels of physical activity.

V_ E/V_ CO2 was consistently elevated throughout exercise in
post-PE, compared with controls, and confirms previous
findings (10, 11). Remarkably, 57% of post-PE in the current
sample had a V_ E/V_ CO2 nadir (lowest 30 s measurement on
CPET) that exceeded clinically relevant cut-offs (i.e., >34
and/or upper limit of normal), indicating increased risk of
poor outcomes (i.e., morbidity and mortality) (39–41).
Moreover, a high V_ E/V_ CO2 nadir was associated with a low
resting KCO (r = �0.55) in post-PE. Throughout exercise,
PETCO2 was consistently lower in post-PE than controls,
which is generally assumed to reflect alveolar hyperventila-
tion (12). However, the capillary to end-tidal CO2 difference
at rest was positive (�3.6 mmHg) and remained positive at
peak exercise (�3.5 mmHg), which suggest that areas of
wasted ventilation (i.e., alveolar dead space) resulted in dilu-
tion of atmospheric CO2 from poorly perfused alveoli (13).
When combined with high estimated VD/VT (�167% pre-
dicted at peak), we speculate that these abnormalities point
to pulmonary capillary hypoperfusion in the setting of rela-
tively preserved alveolar ventilation (i.e., high V_ A/Q_ ratios)
and O2 saturation, which is consistent with previous work
in patients with thromboembolic obstruction (10, 11). The
increased overall V_ A/Q_ relationships may result from re-
gional capillary hypoperfusion and/or reduced RV output
to the lungs. Future studies should include invasive mea-
surement of central hemodynamics (i.e., right heart cathe-
terization) and regional capillary blood flow distribution
(i.e., inert gas elimination or contrast-enhanced magnetic
resonance imaging) to determine the mechanism of capil-
lary hypoperfusion during exercise in post-PE syndrome.
Nevertheless, we observed a consistent link between low
resting KCO and high exercise V_ E/V_ CO2, which provides
some indirect evidence of a pulmonary vasculopathy in
this population (4, 14).

Of note, 9 of 14 patients with post-PE syndrome showed
evidence of vascular obstruction on CT. It is entirely plausible
that those with vascular obstruction may have more severe
impairments in ventilatory efficiency (i.e., higher V_ E/V_ CO2),
and heightened inspiratory neural drive and dyspnea during
exercise, compared with patients without vascular obstruc-
tion (9). Our sample of patients with post-PE syndrome was
likely underpowered, but there were no differences in key var-
iables of interest (resting KCO, nadir V_ E/V_ CO2, exertional
EMGdi, and dyspnea) in patients with versus without CT-
derived vascular obstruction (Table 4). Additional research in
larger samples is needed to determine the pulmonary gas-
exchange and neurophysiological effects of vascular obstruc-
tion in patients with post-PE syndrome.

The anaerobic threshold was significantly lower in post-
PE (Table 3), suggesting that deconditioning (with earlier
metabolic acidosis) contributes to exercise limitation in
these patients and is consistent with previous work (2, 3).

Table 3. Selected physiological and sensory parame-
ters at the anaerobic threshold in patients with post-pul-
monary emboli syndrome (n = 14) and healthy controls
(n = 14)

Control Post-PE

Work rate, W 100 ± 47 53 ± 18�
V_ O2 % peak 69 ± 11 72 ± 12
V_ O2 % predicted peak 84 ±22 55 ± 13�
V_ O2, L/min 1.6 ± 0.6 1.0 ± 0.2
V_ CO2, L/min 1.5 ± 0.6 1.0 ± 0.1
V_ E, L/min 42 ± 13 33 ± 9
RER 0.96 ±0.04 0.95 ±0.12
V_ E/ V_ CO2 28 ± 3 34 ± 4�
PETCO2 , mmHg 41.2 ± 3.7 34.0 ± 3.8�
SpO2

, % 96 ±2 95 ±2
VT, L 1.6 ± 0.6 1.3 ± 0.4
fB, breaths/min 27 ± 6 27 ± 7
VT/IC, % 55 ± 12 45 ± 12
IC %TLC 57 ± 7 55 ± 7
EMGdi %max 32 ± 13 28 ± 7
Dyspnea Borg 0–10 1.6 ± 1.5 1.7 ± 1.2
Leg discomfort Borg 0–10 2.0 ± 1.6 1.8 ± 1.6

Values are represented as absolute means ± SD. EMGdi: dia-
phragm electromyography as a percentage of maximum EMGdi
(index of inspiratory neural drive); fB, breathing frequency; IC, inspir-
atory capacity; PETCO2 , partial pressure of end-tidal CO2; SpO2

, pulse
oximetry derived O2 saturation; V_ CO2, carbon dioxide output; V_ E, mi-
nute ventilation; V_ E/V_ CO2, ventilatory equivalent for CO2; V_ O2, oxy-
gen uptake; RER, respiratory exchange ratio; VT, tidal volume. Data
were analyzed using unpaired t tests. �P < 0.05 Control vs. Post-pul-
monary embolism (PE).
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However, the V_ E/V_ CO2 at anaerobic threshold and the nadir
V_ E/V_ CO2 were significantly greater in post-PE compared with
controls. Moreover, V_ E/V_ CO2 and V_ E were greater in post-PE
at rest and at low standardized work rates (i.e., 20 and 40W),
before the anaerobic threshold. Taken together, these data
suggest that the higher ventilatory requirements occurred
independent of the level of deconditioning and are at least
partially related to pulmonary gas-exchange abnormalities
in this population. However, at higher work rates, the higher
EMGdi and V_ E/V_ CO2 also very likely reflects the added effect
of earlier metabolic acidosis in part due to deconditioning.
Importantly, the current study did not allow us to partition
the relative contributions of deconditioning (i.e., early
anerobic threshold) and pulmonary gas-exchange abnormal-
ities (i.e., V_ A/Q_ maldistribution and increased dead space)
on ventilatory control during exercise in this population.

The inspiratory neural drive to breathe (estimated by
EMGdi%max) during exercise was greater in post-PE, com-
pared with controls. Interestingly, the higher EMGdi%max
occurred in the absence of any between-group differences in
operating lung volumes throughout exercise. Moreover, the
EMGdi%max/ V_ E ratio was similar between groups at sub-
maximal exercise work rates, reflecting preserved neuroven-
tilatory coupling of the respiratory system during exercise in
both groups. This, in turn, would suggest that high inspira-
tory neural drive in post-PE (nearly twofold greater than con-
trols at 80 W) occurred as a compensatory adaptation
needed to support the increased ventilatory requirements
andmaintain arterial blood gas homeostasis during exercise.

These compensatory increases in EMGdi (%max) occurred
even though patients had normal operating lung volume
responses and maintained breathing reserve (i.e., V_ E/maxi-
mal voluntary ventilation (MVV) at peak < 85% in 13/14
patients), highlighting the importance of increased chemical
loading (i.e., pulmonary gas-exchange and CO2 clearance
abnormalities, and early anaerobic threshold) on inspiratory
neural drive. The increased V_ E during exercise (�22% higher
at 80 W) in post-PE was achieved largely by compensatory
increases in breathing frequency, with significantly shorter
inspiratory and expiratory time and correspondingly �30%
higher mean inspiratory and expiratory flow rates (Fig. 4D,
Table 2). The greater reliance on breathing frequency (rather
than VT) to increase V_ E, in the setting of increased dead
space in post-PE, may represent an integrative response of
the central respiratory controller tominimize elastic loading,
which may explain the lack of consistent between-group
differences in operating lung volume (42). In both groups,
EMGdi%max increased similarly as a function of increas-
ing VT/TI. Therefore, we speculate that greater frequency
and mean inspiratory flow rates increase the velocity of
muscle shortening, which functionally weakens the dia-
phragm and requires greater electrical activation (i.e.,
higher neural drive) for a given tidal volume excursion
during exercise (7, 43–45). Despite no between-group dif-
ferences in resting spirometry, static, and operating lung
volumes, we did not investigate airway dysfunction in
detail (i.e., quantifying expiratory flow limitation and
esophageal/transdiaphragmatic pressure swings), and
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Figure 3. Ventilatory (A and B) and gas-exchange (C and D)
responses to incremental cycle ergometry exercise in
patients with post-pulmonary embolism (PE) (red triangles,
n = 14) and healthy controls (blue circles, n = 14). V_ E, minute
ventilation; V_ E/ V_ CO2, ventilatory equivalent for carbon diox-
ide production; PETCO2 , partial pressure of end-tidal carbon
dioxide; SpO2

, pulse oximetry-derived oxygen saturation.
Data were analyzed using two-way repeated-measures
analysis of variance, with Bonferroni corrected t tests.
Diamond symbols within each group represent the anaero-
bic threshold. �P < 0.05 between groups at standardized
submaximal work rates. #P < 0.05 between groups at peak
exercise.
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our relatively small sample size precludes definitive
conclusions.

The current study provided new insights into the neuro-
physiological mechanisms of exertional dyspnea in sympto-
matic patients following remote PE. Severe dyspnea ratings
(�5 Borg units) occurred at a much lower peak work rate in
post-PE than controls (96 vs. 154 W, respectively), and indi-
cated that dyspnea was an important exercise-limiting
symptom in most patients (10/14 patient stopped due to

breathing discomfort). Moreover, greater exertional dyspnea
(i.e., dyspnea-V_ O2 slope) negatively correlated with low
V_ O2peak % predicted (r = �0.523). In both groups, dyspnea in-
tensity increased as a function of increasing EMGdi%max
(Fig. 1C) during CPET, which is consistent with previous
work in lung disease and in health (6, 7). The higher dyspnea
ratings at standardized work rates (�2 Borg units higher at
80 W) in patients with post-PE syndrome compared with
controls reflect the greater neural drive to breathe as a result
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of greater ventilatory requirements, secondary to a variable
combination of pulmonary gas-exchange abnormalities and
early anaerobic threshold, as previously discussed. In the
context of current neurophysiological constructs of the ori-
gins of dyspnea (46–49), we posit that increased efferent
electrical activation from medullary and cortical centers in
the brain, descending to the diaphragm, is relayed (central
corollary discharge) to the somatosensory cortex and per-
ceived as greater breathing effort or discomfort. However,
the potential modulating influences on respiratory sensation
of ascending afferent inputs from the respiratory, cardiocir-
culatory, and peripheral locomotor muscles during exercise
could not be quantified in the current study and may be
important.

Limitations

The current study had a small heterogeneous sample size,
recruited from specialized Respirology and PH clinics.
Therefore, the results may not be applicable to all patients
with post-PE syndrome.

Our groups were not matched for habitual physical activ-
ity level and the control group was relatively fit (V_ O2peak =
124% predicted), which limits between-group comparisons
at peak exercise. For this reason, we were careful to under-
take all neurophysiological and sensory comparisons at
standardized submaximal work rates using the same exercise
protocol.

Seven post-PE participants had previous smoking history,
which may confound results of the study. However, there
were no observed differences in key parameters (i.e., resting
KCO, nadir V_ E/V_ CO2, exercise EMGdi, or V_ O2peak) between
ever- and never-smokers within the sample.

Capillary PCO2 was used as an estimate of arterial PCO2 on
the basis that previous studies have shown that arterialized

capillary blood gas samples from the earlobe provide an
accurate assessment of arterial CO2 and can be reliably used
in healthy individuals and patients with cardiorespiratory
disease (50, 51). Arterialized blood gas data were unavailable
in the control group, therefore, limiting our interpretation of
the PcCO2 and VD/VT data in the post-PE group. We obtained
EMG measurements of the crural diaphragm and cannot
comment on concomitant electrical activation of the costal
diaphragm and/or accessory muscles to support ventilation
during exercise. The strengths and limitations of the EMGdi
technique have been comprehensively reviewed in recent
publications by our group (6, 52).

Conclusions

This study is the first to show a consistent and direct
association between increased inspiratory neural drive
and increased exertional dyspnea intensity in patients
with post-PE syndrome without PH, when compared with
age-, sex-, and BMI-matched controls. Moreover, com-
pensatory increases in inspiratory neural drive to main-
tain arterial blood gas homeostasis in the setting of worse
ventilatory efficiency came at the expense of greater
breathing discomfort and exercise intolerance.

This study provides a sound physiological rationale for
measurements of resting KCO, and V_ E/V_ CO2 nadir and mean
inspiratory flow rates (VT/TI) during exercise, in patients with
remote PEwho present with persistent dyspnea and exercise li-
mitation. The results suggest that in many patients with post-
PE syndrome, with chronic activity-related dyspnea, the nega-
tive physiological effects of deconditioning may be important
and merit referral for pulmonary rehabilitation. Finally, our
results set the stage for new studies to examine the nature of
pulmonary vascular injury and resultant pulmonary gas-
exchange disturbances from remote thrombotic occlusion.
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