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Long-term dyspnea and exercise intolerance are common clinical problems after acute pul-

monary embolism. Unfortunately, no single test can distinguish among the range of potential

pathologic outcomes after pulmonary embolism. We illustrate a stepwise approach to post-

pulmonary embolism evaluation that uses a hierarchic series of clinically validated diagnostic

tests. The algorithm is represented by the acronym SEARCH, which stands for Symptom

screening, Exercise testing, Arterial perfusion, Resting echocardiography, Confirmatory chest

imaging, and Hemodynamics measured by right heart catheterization. We illustrate the algo-

rithm with a patient whom we saw in our pulmonary embolism follow-up clinic. Patients are

asked at least 6 months after pulmonary embolismwhether they have returned to their baseline

level of respiratory comfort and exercise tolerance. Patients with dyspnea and exercise intol-

erance undergo noninvasive cardiopulmonary exercise testing to identify elevated ventilatory

dead space ratios, decreased stroke volume augmentation with exercise, and other physiologic

abnormalities during exertion. Ventilation-perfusion scanning is performed on those patients

with exercise-related physiologic findings to confirm the presence of residual pulmonary arterial

obstruction or to suggest alternative diagnoses. Resting echocardiography may provide evi-

dence of pulmonary hypertension; confirmatory imaging with pulmonary angiography or CT

angiography may disclose findings characteristic of chronic pulmonary artery obstruction.

Finally, right heart catheterization is performed to confirm chronic thromboembolic pulmonary

hypertension; if resting pulmonary hemodynamics are normal, then invasive cardiopulmonary

exercise testing may disclose exercise-induced defects. CHEST 2023; 163(4):933-941
KEY WORDS: dyspnea; exercise intolerance; pulmonary embolism
Long term-sequelae are common after acute pulmonary
embolism (PE), even apart from the risk of recurrence.
In fact, it has been shown that nearly one-half of patients
experience chronic dyspnea and exercise impairment,
even in the absence of recurrent PE.1 A single PE
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episode can be as life-altering as myocardial infarction
by permanently worsening activity tolerance and quality
of life.2-4 Although chronic conditions after PE are used
rarely as endpoints in randomized clinical trials of acute
PE treatment, they have enormous implications for
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patient care. In this article, we highlight the importance
of structured follow up and describe an algorithm that
we developed within the University of California
Alliance on Pulmonary Embolism for identifying,
distinguishing, and managing the range of possible post-
PE outcomes that may occur.

There is a wide range of potential outcomes after PE.
Persistent exercise intolerance, which is seen in
approximately one-half of patients, is often due to
deconditioning or anxiety, even when cardiopulmonary
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function is normal.5 Cardiopulmonary conditions aside
from, and possibly predating, PE may also be
responsible for dyspnea.

Residual pulmonary vascular occlusion (RPVO) after PE
itself, however, may also lead to dyspnea and reduced
exercise capacity by undermining efficient alveolar
ventilation or by limiting the ability to increase stroke
volume, especially during exertion. In cases of more
extensive obstruction, the result may be overt chronic
thromboembolic pulmonary hypertension (CTEPH).
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Although a battery of advanced diagnostic tests could
distinguish each of those conditions, the yield of
individual tests is low enough that routine testing of all
patients after PE typically is not performed.6 On the
other hand, having a structured, stepwise approach to
follow-up testing after acute PE will enable timely
diagnosis of post-PE sequelae. Several proposed
algorithms for follow-up testing after acute PE have been
published.7,8 Here we propose one approach through
which the test results at each step inform the
performance of the subsequent steps. The order of the
tests in our algorithm uses the acronym SEARCH:
Symptom screen, Exercise function, Arterial perfusion,
Resting heart function, Confirmatory imaging, and
Hemodynamics). The diagnostic tests illustrated in
Figure 1 increase in complexity and specificity at each
step of the SEARCH algorithm, which allows efficient
and accurate categorization of each patient.

Case Example
The patient is a 34-year-old man who presented for
routine follow up 1 year after being diagnosed with acute
PE. He endorsed having recovered symptomatically
from a PE 6 years previously that he experienced when
working as a bus driver. He had been treated with
warfarin for 6 months. During the recent episode, there
was no clinical evidence of right ventricular strain at the
time of PE diagnosis.

S (Symptom) Criteria
Regardless of the stability or instability of the original
presentation of PE, our routine is to ask patients
whether they have resolved their symptoms 6 months
afterwards. Although patients may not bring up residual
symptoms spontaneously at this point, more than one-
half of those who are asked directly will endorse the
presence of chronic dyspnea, most of which is new or
worsened since their PE.1 We screen for symptoms after
provoked PE and after unprovoked PE, because the
frequency of chronic problems is comparable between
the two groups.9 Our symptom screen emphasizes
dyspnea and exercise limitation, which dominate the
symptoms of those patients with impaired quality of life
after PE.4

Three to 6 months after PE is an optimal time to screen for
symptoms because the resolution of acute defects in lung
perfusion may continue for this amount of time.10 Waiting
longer to screen for symptoms is not necessary, because
dyspnea and exercise intolerance typically improve only
modestly throughout the rest of the first year.11
chestjournal.org
In the interest of brevity, we ask simply if a patient’s
tolerance of exertion has recovered fully to the level that
existed prior to the PE. We ask what types of activities are
limited by dyspnea and how those limitations compare with
the status shortly before the PE-associated symptoms began.
We focus our questions on dyspnea and exercise tolerance,
which are more likely to be specific for the physiologic
consequences of residual pulmonary perfusion defects.12 It
is possible that clinically validated dyspnea scales, such as
the modified Medical Research Council (mMRC) score,13

could help patients compare their current symptoms to their
pre-PE state, but such scores have not yet been validated for
this purpose.

On direct questioning, the patient endorsed dyspnea on
exertion. His exercise tolerance had improved since the
acute PE but was not back to his typical level prior to the
PE. Specifically, he endorsed dyspnea when playing with
his daughter, whereas the same type of activity was well
tolerated before his PE. As per the SEARCH algorithm, he
was referred for cardiopulmonary exercise testing (CPET).
E (Exercise Test) Criteria
In patients with dyspnea and exercise intolerance after
PE, we perform CPET to look for physiologic defects in
ventilatory dead space proportion (VD/VT) and stroke
volume augmentation in response to exercise.
Measurement of specific defects related to pulmonary
perfusion and right ventricular function are helpful at
this point in the workup because dyspnea may be related
to a coexisting conditions (eg, advanced age, obesity,
anemia, active malignancy, and cardiopulmonary
comorbidities) that may not manifest similar
pathophysiologic findings.2 For example, anxiety and
depression are present in approximately one-third of
patients after PE, but they do not correlate with
measurable limitations in exercise function.4

Although the peak oxygen consumption (VO2_peak)
achieved during CPET is a useful predictor of left
ventricular failure outcomes, it has not proven specific
for defects related to lung perfusion or right ventricular
function. Low VO2_peak is relatively common, even
12 months after PE and is associated with a variety of
factors that include male sex, advanced age, increased
BMI, and smoking.14 Low VO2_peak does not correspond
to the extent of residual perfusion defects,14 ventilatory
inefficiency,14,15 or right ventricular dysfunction.15 The
commonly cited threshold of 80% of the predicted
VO2_peak is also insensitive for residual pulmonary
artery obstruction, because nearly all patients with
935
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chronic thromboembolic disease (CTED) and more than
one-half of patients with CTEPH can exceed that
threshold during invasive CPET.16

Two specific CPET findings suggest pathophysiologic
defects caused by incomplete resolution after PE: (1)
increased VD/VT and (2) decreased stroke volume
augmentation during exercise. VD/VT is typically 0.3 at
rest and decreases to 0.2 by the time anaerobic threshold
occurs during exercise. Substantially increased VD/VT

values during exercise correspond to scintigraphically
measured persistent pulmonary artery obstruction after
acute PE.5 Chronic thromboembolic disease and
CTEPH, which represent the extremes of unresolved
acute PE, are characterized by increased VD/VT.

16

VD/VT can be calculated directly from the Bohr equation

VD =VT ¼ ðPaCO2 � PECO2Þ=PaCO2;

where exhaled PCO2 (PECO2) is measured directly and
arterial PCO2 (PaCO2) is estimated from the
transcutaneous PCO2 (PtcCO2).

17,18 If neither PaCO2 nor
PtcCO2 are measured during CPET, elevated VE/VCO2

may be used to detect excess VD/VT according to the
alveolar gas equation

VE

�
VCO2 ¼ 1

PaCO2 � ½1� ðVD=VTÞ�;

rearranged to

VD

�
VT ¼ 1� VCO2

VE � PaCO2

as long as PaCO2 is assumed to be normal.19 That
assumption, however, can lead to imprecision if the
PaCO2 is different than the assumed normal value.20,21

During exercise, stroke volume augmentation by the
time of anaerobic threshold (SVAAT) is approximately
140% of the stroke volume at rest.22 Decreased stroke
volume response to exercise corresponds to cardiac
dysfunction in a number of clinical conditions.23 SVAAT

can be estimated noninvasively from the VO2/heart rate
(O2$pulse) at rest (O2$pulserest) and at anaerobic
threshold (O2$pulseAT) with the method described by
Fernandes et al5 and Stringer et al22 with the formula

SVAAT ¼ (O2$pulseAT/O2$pulserest) x 0.55.

Decreased SVAAT corresponds to persistent pulmonary
artery obstruction after acute pulmonary embolism.5

Figure 2A shows that the patient’s CPET disclosed a
normal VD/VT at rest but an elevated VD/VT at
anaerobic threshold (0.29; predicted ¼ 0.20) and at peak
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exercise (0.30; predicted ¼ 0.19). His SVAAT estimate,
shown in Figure 2B, was decreased (102%; predicted
140%). Because his symptoms corresponded to
physiologic exercise defects, the SEARCH strategy
dictated referral for _V= _Q scanning to evaluate his
pulmonary artery perfusion.

A (Arterial Perfusion) Criteria
_V= _Q is accepted as an extremely sensitive test for excluding
CTEPH and CTED. A normal _V= _Q scan effectively
excludes perfusion defects as the cause of dyspnea as
opposed to CT angiography that can be diagnostic for
proximal disease butmaymiss distal defects.24 In addition to
incomplete PE resolution, after PE, patients are prone to
other cardiopulmonary derangements, which provides a
rationale for doing a _V= _Q scan early on in the work up so
that alternative diagnoses can be pursued if the _V= _Q scan
suggests that RPVO is not present.25 RPVO is associated
with respiratory symptoms,26 hypoxemia,27,28 gas exchange
deficits,10,29,30 and exercise intolerance.12,31-33

Approximately one-sixth of patients with RPVO may
experience CTED or CTEPH.12,34

In some cases, single-photon emission CT (SPECT)-
_V= _Q may be preferred over planar _V= _Q. In the acute
setting, SPECT- _V= _Q produces fewer nondiagnostic test
results than planar _V= _Q, which removes one of the
major limitations of planer _V= _Q testing.35-37 SPECT-
_V= _Q has a high degree of agreement with contrast to
enhance the pulmonary arteries (CTPA) in patients
suspected of having acute PE.36 Notably, SPECT is
superior to planar _V= _Q for the quantification of vascular
obstruction in CTEPH as well.38,39

The patient’s SPECT- _V= _Q (Fig 3) disclosed pleural-
based segmental perfusion defects in the superior
segment of the left lower lobe, the superior segment of
the right lower lobe, and the anterior and the apical
segments of the right upper lobe. There were no
matching ventilation defects. In accordance with the
SEARCH algorithm, he was referred for resting
echocardiography.

R (Resting Echocardiogram) Criteria
For symptomatic patients with exercise deficits and
unmatched perfusion defects, echocardiography is
performed to evaluate for right ventricular dysfunction
and pulmonary hypertension.40 The yield of
echocardiography at rest is low among post-PE
populations without those findings.6 We recommend the
echocardiographic criteria published by the Joint Task
[ 1 6 3 # 4 CHES T A P R I L 2 0 2 3 ]
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Figure 2 – A-B, Elevated ventilatory dead space ratio and decreased stroke volume augmentation at anaerobic threshold and during cardiopulmonary
exercise testing. Noninvasive cardiopulmonary exercise testing disclosed physiologic defects that corresponded to the patient’s dyspnea and exercise
tolerance. A, Ventilatory dead space ratio (squares) at anaerobic threshold (arrow) is elevated (0.29; predicted ¼ 0.20) and remains elevated for the
remainder of exercise. B, Stroke volume augmentation at anaerobic threshold, which is estimated by the ratio of the rate of oxygen consumption/heart
rate (diamonds) at anaerobic threshold (9.7 mL oxygen/beat; long arrow) to the rate of oxygen consumption/heart rate at rest (5.2 mL oxygen/beat;
short arrow) multiplied by 0.55, is decreased (102%; predicted 140%). HR ¼ heart rate; O2-Pls ¼ rate of oxygen consumption/heart rate; VD /VT ¼ dead
space proportion of tidal volume; VT ¼ tidal volume.
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Figure 3 – SPECT perfusion scan. Pleural-based segmental perfusion defects (arrows) are present in the superior segment of the left lower lobe, the
superior segment of the right lower lobe, and the anterior and the apical segments of the right upper lobe. There were no matching ventilation defects.
ANT ¼ anterior view; LAO ¼ left anterior oblique; LLAT ¼ left lateral; LPO ¼ left posterior oblique; PERF ¼ perfusion scan; POST ¼ posterior view;
RAO ¼ right anterior oblique; RLAT ¼ right lateral; RPO ¼ right posterior oblique; SPECT ¼ single-phton emission CT; VENT ¼ ventilation scan.
Force for the Diagnosis and Treatment of Pulmonary
Hypertension of the European Society of Cardiology and
the European Respiratory Society.41 The reader is
referred to the European Society of Cardiology and the
European Respiratory Society Guidelines for an detailed
description of those criteria. The echocardiogram may
also suggest alternative diagnoses (eg, left ventricular or
valvular heart disease) to explain the patient’s
presentation and findings.

The patient’s echocardiogram disclosed normal right
ventricular size, normal global right ventricular systolic
function, and right ventricular systolic pressure estimated
at 26 mm Hg. Despite normal resting echocardiographic
parameters, the symptoms, abnormal exercise study, and
abnormal _V= _Q scan guided us to proceed along SEARCH
algorithm to confirmatory imaging.

C (Confirmatory Imaging) Criteria
Confirmatory imaging is performed typically with CT
scanning with timing of IV CTPA to disclose unresolved
PE and the development of chronic intravascular scars.42

CTPA is less sensitive than _V= _Q scanning for the
938 How I Do It
persistence of pulmonary artery obstruction after PE.43,44

It can, however, disclose characteristics that are typical of
CTEPH or CTED. Characteristic CT scan findings of
chronic disease coincidentally also follow a mnemonic
characterized by the word “SEARCH”: smaller than
normal caliber arteries contain filling defects, eccentric
and web-like filling defects, anastomoses of bronchial
arteries, right-sided heart enlargement, contracted lung
regions, and heterogeneous lung parenchyma.45 The CT
scan may also disclose pulmonary vascular obstruction
caused by alternative diagnoses, such as tumors of the
mediastinum and lung, fibrosing mediastinitis, or
arteritis.

Conventional (planar) pulmonary angiography is an
alternative means of confirming the diagnosis of CTEPH
or CTED and of assessing the accessibility of the lesions
for potential interventions, such as pulmonary
thromboendarterectomy or balloon pulmonary
angioplasty. In a conventional pulmonary angiogram,
contrast is ejected from a catheter in the right
pulmonary artery and cine digital subtraction
angiography is obtained with anterior-posterior and
[ 1 6 3 # 4 CHES T A P R I L 2 0 2 3 ]



Figure 4 – A-D, Confirmatory chest imaging. Contrast to enhance the pulmonary arteries disclosed multiple regions smaller-then-normal pulmonary
artery caliber. A, Apical segment of the right upper lobe. The pulmonary artery (long arrow) is smaller in caliber than the corresponding vein (short
arrow). B, Superior segment of the left lower lobe. The pulmonary artery (long arrow) is smaller in caliber than the corresponding vein (short arrow). C,
Superior branch of the lingular pulmonary artery. An eccentric filling defect (arrow) is apparent on the anterior wall of the artery. D, Descending
branch of the left pulmonary artery. A web-like filling defect (arrow) is present on the lateral aspect of the artery.
lateral views; the images of the contralateral side are then
obtained in a similar fashion. Although important for
the determination of operability of CTEPH and CTED,
the conventional pulmonary angiogram is somewhat
limited for the assessment of other causes of dyspnea. It
also requires experience in performance and
interpretation that may necessitate referral to a center
that specializes in CTEPH and CTED.

As was the case for echocardiography, the absence of
diagnostic findings on CTPA does not exclude the
presence of significant disease among symptomatic
patients with physiologic dysfunction and persistent
perfusion defects after PE. The absence of abnormal
findings on CTPA does not prevent us from proceeding
along the SEARCH workup algorithm.

CTPA on the patient (Fig 4) disclosed several instances
of smaller-than-normal pulmonary artery caliber. There
was local narrowing of the apical and anterior segmental
pulmonary arteries of the right upper lobe. Marked
diffuse narrowing of the lateral segmental branch of the
right middle lobe was also noted, and the superior
chestjournal.org
segment pulmonary artery of the left lower lobe
appeared attenuated. Eccentric filling defects were also
present in the superior lingular pulmonary artery.
Multiple web-like filling defects were noted in the
bilateral basilar trunk pulmonary arteries. Anastomoses
of the bronchial arteries were not present. The right
ventricle was mildly enlarged. Heterogeneous lung
parenchyma (“mosaicism”) was not present. Following
the SEARCH strategy, we next performed direct
hemodynamic measurements.
H (Hemodynamic Measurement) Criteria
Right heart catheterization (RHC) performed while the
patient is at rest will disclose whether the patient has
experienced the development of pulmonary
hypertension, defined as a mean pulmonary artery
pressure (mPAP) of > 20 mm Hg in the presence of a
pulmonary arterial wedge pressure no > 15 mm Hg and,
in precapillary PH, a pulmonary vascular resistance
(PVR) of at least 3 Wood units. If the resting RHC
criteria for pulmonary hypertension are met, then, given
939
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the symptoms, exercise data, and perfusion scan, the
patient is diagnosed with CTEPH.

If the resting RHC does not disclose pulmonary
hypertension, the patient’s post-PE dyspnea may yet
reflect pulmonary hypertension that is manifested only
during exercise, which is termed CTED. Hemodynamics
may be measured by RHC either during simple exercise,
in which the patient is prompted to do a moderate
amount of exertion, or during invasive CPET with
measurement of exhaled gases. Combining RHC with
CPET allows VO2 measurement for the direct Fick
method of determining cardiac output. VO2 also
provides a standardized measurement of the level of the
patient’s exertion. Finally, the invasive CPET can
confirm the physiologic defect(s) identified during
noninvasive CPET: SVA confirmation via simultaneous
cardiac output measurement and VD/VT confirmation
with the use of arterial catheterization to facilitate
repeated PaCO2 measurement. Either method, however,
may detect exercise-induced hemodynamic changes that
are characteristic of CTED. Specifically, if the mPAP
increases excessively during exercise as the cardiac
output goes up, as assessed by the equation

DmPAP
�
DCO slope >3 mmHg L�1 min�1;

then the patient is considered to have exercise-induced
pulmonary hypertension and, if other criteria outlined
earlier are present, to have CTED.46 Aside from the
DmPAP/Dcardiac output (CO) slope, other signs of an
abnormal pulmonary vascular response to exercise
include increase in PVR47 and decrease in pulmonary
arterial compliance48 as exertion increases. Together, we
refer to this pattern of findings during exercise RHC as
the “X criteria.” If neither CTED nor CTEPH is present,
the patient may yet be dyspneic from inadequate gas
exchange if CPET disclosed elevated VD/VT during
exercise.

The patient underwent RHC, which disclosed no
evidence of pulmonary hypertension at rest. His mPAP
was 19 mm Hg; his pulmonary artery occlusion pressure
was 12 mm Hg; his CO was 10.3 L/min, and his cardiac
index was 3.78. His PVR was 0.7 Wood units. CTEPH
was excluded based on these results.

Exercise RHC demonstrated an increase in mPAP to
61 mm Hg; pulmonary artery occlusion pressure
increased only to 18 mm Hg. His CO was 20.8 L/min,
and his cardiac index was 7.61, yielding a PVR of 2
Wood units. The slope of DmPAP/DCO between rest
and exercise was 4, which is consistent with CTED.
940 How I Do It
Invasive CPET confirmed decreased SVAAT (135 mL/
116 mL ¼ 116%; predicted 140%) and elevated VD/VT

(0.3) during exercise.

The patient was referred for pulmonary endarterectomy
to treat his CTED that was complicated by decreased
SVAAT and elevated VD/VT. He tolerated the procedure
well. On follow-up visits, his condition had improved
markedly. During his last visit, 3 years after his
procedure, he continued to be free of dyspnea at rest and
during exertion.

Summary
A systematic approach to follow-up testing after acute PE is
critical. The use of an algorithm that individualizes the
degree of testing, such as the SEARCH algorithm outlined
here, will facilitate early complete and efficient
categorization of patients. Although the patient underwent
all the SEARCH diagnostic elements, the stepwise approach
will also identify patients in whommore invasive testing for
residua of PE is not necessary, such as those who have no
residual symptoms, normal exercise parameters, or normal
lung perfusion. Conversely, RPVO with elevated VD/VT,
decreased SVAAT, or both may limit exercise tolerance and
respiratory comfort even in the absence CTEPH andCTED.
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