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Beyond the clot: perfusion imaging of the pulmonary

vasculature after COVID-19

Ranju T Dhawan, Deepa Gopalan, Luke Howard, Angelito Vicente, Mirae Park, Kavina Manalan, Ingrid Wallner, Peter Marsden, Surendra Dave,

Howard Branley, Georgina Russell, Nishanth Dharmarajah, Onn M Kon

A compelling body of evidence points to pulmonary thrombosis and thromboembolism as a key feature of COVID-19.
As the pandemic spread across the globe over the past few months, a timely call to arms was issued by a team of
clinicians to consider the prospect of long-lasting pulmonary fibrotic damage and plan for structured follow-up.
However, the component of post-thrombotic sequelae has been less widely considered. Although the long-term
outcomes of COVID-19 are not known, should pulmonary vascular sequelae prove to be clinically significant, these
have the potential to become a public health problem. In this Personal View, we propose a proactive follow-up strategy
to evaluate residual clot burden, small vessel injury, and potential haemodynamic sequelae. A nuanced and
physiological approach to follow-up imaging that looks beyond the clot, at the state of perfusion of lung tissue, is
proposed as a key triage tool, with the potential to inform therapeutic strategies.

Introduction

As the initial wave of the COVID-19 pandemic has
receded, a spectrum of lung parenchymal and pulmonary
vascular pathology related to acute illness has emerged.
The combination of viral pneumonia and acute
respiratory distress syndrome that characterises the
severe manifestations of acute COVID-19 illness is
considered to be a possible precursor to pulmonary
fibrosis.”?

Another major potential pulmonary morbidity is the
propensity for thromboembolic phenomena, in both
systemic and pulmonary circulations.*” Apart from the
generic risks for venous thromboembolism in acutely ill
hospitalised patients, evidence is emerging for a more
specific, angiocentric signature of COVID-19, related to
an in-situ thrombotic microangiopathy and a complex
immune inflammatory cascade, especially in the
pulmonary vascular bed.*** Many patients with proven
thromboembolism in COVID-19 have been from
intensive care series, but thromboembolism is now
being reported in less critically ill patients in hospital and
ambulatory settings."*

Whether such a pulmonary vascular insult is transient
and self-correcting, or has the potential to lead to
sequelae, will only become apparent with longer-term
follow-up. In this Personal View, we turn our attention to
the post-COVID recovery cohort of patients, specifically
with respect to the follow-up of pulmonary vascular
sequelae. Within the constraints of an insufficient
knowledge base on COVID-19 recovery, we propose an
algorithm for follow-up that integrates testing and triage
for a combination of potential pulmonary vascular and
pulmonary fibrotic sequelae. Within this pathway, we
propose using perfusion (rather than angiographic)
imaging as a first-line imaging tool for triage to exclude
or evaluate residual clot burden and small vessel injury.
The reasons why perfusion imaging might be
particularly useful for COVID-19 follow-up and the
range of such perfusion imaging tools at our disposal
are reviewed. Also addressed are the challenges posed by
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the pandemic to the practice of ventilation perfusion
(VQ) single-photon emission computed tomography
(SPECT) scintigraphy, the gold-standard perfusion
imaging tool in the evaluation of chronic pulmonary
thromboembolism.

Pulmonary sequelae after COVID-19

There is insufficient understanding of the recovery phase
of COVID-19, but increasing recognition that patients
need a multifaceted approach to the evaluation of
residual symptoms and dysfunction.** Clinicians
are commonly faced with patients who present with
unexplained persistent chest pain, breathlessness,
exercise limitation, and fatigue, weeks after hospital-
isation or the onset of symptoms.”” The causes of such
symptoms are not fully understood, but various factors
might be involved, such as restricted lung function,
impairment in gas exchange, cardiac dysfunction, and
partially resolved thrombus with flow limitation. Equally,
not all breathlessness or functional limitation will be
attributable to haemodynamic derangements; muscle
deconditioning, dysfunctional breathing patterns, and
psychosocial factors might contribute substantially to
these symptoms.

Current recommendations from international societies
and opinion leaders are variable and continue to
evolve.*?*? L ocal pathways differ between countries and
institutions, as does the panel of tests used. For instance,
the Zhejiang University School of Medicine in
Hangzhou, China,” advises outpatient visits at 1, 2, and
4 weeks after discharge, with blood tests, lung function
tests, and CT scans done at the discretion of the clinical
team. Current British Thoracic Society guidelines®
recommend a follow-up clinic evaluation at 12 weeks for
patients with COVID-19 and a diagnosis of venous
thromboembolism or a clinicoradiological diagnosis of
COVID-19 pneumonia who do not require admission to
the intensive care unit or a high-dependency unit. The
guidelines advise further imaging with high-resolution
CT and CT pulmonary angiogram (CTPA), as needed,
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Key messages

Venous thromboembolism and in-situ small vessel pulmonary thromboses are both
implicated in COVID-19; these pulmonary vascular manifestations are a potential
precursor to chronic thromboembolic disease and pulmonary hypertension

Small vessel thrombosis can be underestimated on conventional CT pulmonary
angiogram (CTPA); perfusion imaging looks beyond the clot and assesses residual
blood flow limitation

Ventilation perfusion (VQ) planar scintigraphy and VQ single-photon emission
computed tomography (SPECT) are gold-standard screening tests in the assessment
of chronic thromboembolism

A normal VQ scan excludes the presence of a clinically significant perfusion deficit; if
positive, the extent of deficit can be of prognostic value

Contrast dual-energy CT (DECT) is a surrogate perfusion technique with potential for
detecting clot and perfusion in one sitting; DECT studies of chronic thromboembolic
disease have shown promising results, with reasonable concordance with VQ imaging

+ Lung perfusion pheno
and the more atypical
easily overlooked

types in COVID-19 could include a mix of classical segmental
distal small vessel-related deficits, which might be subtle and

« Ventilation scintigraphy was discontinued in many nuclear medicine units at the start
of the pandemig; international guidance on the aerosol-generating potential of
radio-nebulisers varies and uncertainties remain, but risks can be safely managed in

the post-COVID-19 co
+ Imaging departments

hort
and, specifically, nuclear medicine should be supported to adapt

and manage risks to provide an appropriate service for COVID-19 survivors
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based on an initial follow-up chest radiograph and
functional assessment.

Preliminary reports of the follow-up of patients after
COVID-19*#* have been published. Mo and colleagues’
evaluated a cohort of discharged survivors (n=110) at
25-40 days after initial symptoms and found that
impairment of diffusion capacity was the most common
abnormality (in 51 [47-2%)] of 110 cases) and was
associated with initial clinical severity of disease.
Frija-Masson and colleagues® analysed 50 patients
retrospectively and found an association between lung
function at day 30 and initial CT severity and clinical
grade of pneumonia. They found 27 (54%) of 50 patients
to have a mix of restrictive and low diffusion patterns.
Pertinently, they reported an isolated decreased
diffusing capacity in 13 (26%) of 50 patients, raising the
possibility that, in addition to alveolar cell damage-
related potential for fibrosis, pulmonary vascular insult
might also play a part.

Experience from severe acute respiratory syndrome
(SARS) and Middle East respiratory syndrome (MERS) is
also relevant, as both viral illnesses were associated
with an inflammatory response and thrombotic
complications.”* Published follow-up series of patients
with SARS** have shown functional deficits with
dominant residual impaired lung diffusing capacity in
about 15-40% (and reduced total lung capacity in 5-10%)
of patients at various timepoints between 6 months and
2 years. Isolated impairment of diffusing capacity of
carbon monoxide has been reported in MERS survivors

at 12 months.* The scarce evidence thus far from the
COVID-19 recovery cohort and the SARS and MERS
follow-up cohorts reinforces the need to consider an
optimal and efficient modality mix for the testing and
triage of patients for a combination of potential residual
thromboembolic disease and pulmonary fibrosis.

Follow-up algorithm for post-thrombotic
sequelae

A follow-up algorithm for the investigation of patients after
COVID-19 is proposed, with the aim of evaluating the
twin potential for both lung fibrosis and thromboembolic
pulmonary vascular sequelae (figures 1, 2). The algorithm
is designed to be proactive in investigating pulmonary
vascular sequelae, with perfusion imaging as a key tool in
the triage tree. Within this framework, perfusion imaging
is recommended if mandated by lung function, exercise
physiology, or transthoracic echocardiography, even in the
absence of proven thromboembolism during the acute
illness. This approach is driven by our current insufficient
understanding of post-COVID-19 sequelae. The group of
patients who receive perfusion imaging in follow-up is
expected to be drawn from both hospitalised patients with
COVID-19 and an easily forgotten cohort of patients who
recover from an acute illness in the community but
present with breathlessness and exercise limitation
afterwards. Although the cost-benefit considerations of
this testing strategy might be skewed at first, we believe
that systematic early follow-up experiences will be key to
informing future practice. Indeed, we view this algorithm
as a dynamic and responsive decision tree that we expect to
adapt and change as experience and evidence evolves. The
inclusion of perfusion imaging might prove to be prescient
or wholly unnecessary.

As our practice is based in the UK, the basic tenets of
the British Thoracic Society guidelines® for post-COVID
follow-up, notably an initial radiographic and clinical
assessment at 3 months, are assimilated within this
pathway with the proviso that an earlier assessment
might be necessary if symptoms require it. The proposed
follow-up evaluation of patients with a known diagnosis
of thromboembolism during acute COVID-19 draws
from the European Society of Cardiology 2019 venous
thromboembolism guidelines® and the views of opinion
leaders,*? albeit with blanket use of perfusion imaging
alongside the standard functional triage tools of trans-
thoracic echocardiography and exercise testing. Local or
regional specialist interstitial lung disease and pulmonary
hypertension services are integral to supporting such a
pathway.

Rationale for perfusion imaging in follow-up

Our proposal of perfusion imaging as a triage
tool in post-COVID-19 recovery is informed by two
considerations. First, by pre-pandemic understanding of
the prognostic value of perfusion scintigraphy in the
evaluation of chronic thromboembolic disease and chronic
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| COVID-19 follow-up at 3 months |

v

| COVID-19 and pulmonary thrombosis |
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interstitial lung
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Consider occult
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consider perfusion
imaging

hypertension on

transthoracic
echocardiogram, or
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Perfusion imaging

v

Abnormal: see
perfusion algorithm
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Figure 1: Follow-up algorithm at approximately 3 months after COVID-19

HRCT=high-resolution CT. PFT=pulmonary function test. TLCO=transfer factor of the lung for carbon monoxide. *The exercise test is an incremental shuttle walk test,
a 6-min walk test, or a sit-to-stand test (a cardiopulmonary exercise test might be available in some centres to evaluate breathlessness following COVID-19).

thromboembolic pulmonary hypertension.”*** Second, by
the potential of perfusion imaging to examine the in-situ
thrombotic small vessel signature of COVID-19.4454 It is
widely accepted that distal subsegmental small vessel
thrombi can be underestimated on conventional CTPA,
which is tailored to look at the clot within the lumen rather
than at the tissue perfusion beyond. This limitation of
CTPA was considered to be of little consequence to overall
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clinical outcomes in the pre-pandemic context of venous
thromboembolism.” However, in the context of the small
vessel pattern of COVID-19, this limitation needs to be
revisited. Among published series of CTPA in acutely ill
patients with COVID-19, some investigators report a
distinct preponderance of exclusively branch vessel or
distal thrombi.**#* Indeed, van Dam and colleagues®
proposed a CTPA phenotype involving peripheral
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| Abnormal perfusion imaging |

v
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Figure 2: Follow-up algorithm in the event of abnormal perfusion imaging
CTPA=CT pulmonary angiogram. HRCT=high-resolution CT.

See Online for appendix
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lung segments, concluding that a combination of thrombo-
embolic disease and in-situ thrombosis is likely in
COVID-19. Given that the extent of microvascular injury
syndrome can be underestimated by CTPA, the question
arises as to whether we are under-detecting the extent of
vascular pathology in COVID-19. In this context, a more
physiological approach to imaging that looks beyond the
clot, directly at lung perfusion, could be of value as a triage
tool, contribute to understanding of the natural history
of vascular pathophysiology, and inform therapeutic
strategies.

VQ SPECT scintigraphy in follow-up

The key lung perfusion imaging modalities to
consider for post-COVID-19 follow-up are novel spectral
CT perfusion techniques—notably, dual-energy CT
(DECT)—and the time-honoured VQ scintigraphy. The
VQ scan, previously notorious as an unclear, hot-spot
imaging technique, has evolved into a modern three-
dimensional (3D) single-photon emission computed
tomography with CT fusion (SPECT-CT) avatar with
added CT lung overlay and fusion, conferring greater
diagnostic certainty (appendix p 2). We share VQ
SPECT images in two patients from the post-COVID-19

recovery cohort who presented with persistent
breathlessness 5-6 weeks after initial symptoms
(figures 3, 4). Of note, these patients were not diagnosed
or treated for thromboembolic disease during acute
illness.

Given the in-situ thrombotic pathophysiology of
COVID-19, we should also reconsider the patterns of
perfusion deficits and ventilation—perfusion mismatches
to expect in follow-up. In alignment with the afore-
mentioned description of a distal vessel clot phenotype on
CTPA,® the perfusion pattern will depend on which
segments of the vascular tree are affected. Proposed
mismatch phenotypes on VQ SPECT are shown
in figure 5. A patchy, mottled peripheral pattern of
perfusion mismatch (figure 5C) not conforming to typical
segmental geometry might be the only marker of small
vessel damage, similar to the pattern observed in patient Y
(figure 4). Such atypical non-segmental mismatches are
well described in pulmonary arterial hypertension-
associated microangiopathy (figure 5C; eg, scleroderma,
connective tissue disease, veno-occlusive disease, and
sickle-cell disease).”* As these perfusion defects are often
subtle and diffuse, they can potentially be overlooked. In
addition to this small vessel footprint, the component of
large and medium vessel clot related to venous
thromboembolism can result in a mixed phenotype of
both mottled peripheral defects and classical
segmental or subsegmental ventilation—perfusion
mismatches (figure 5C), as also shown in patient X
(figure 3). Perfusion defects described by Patel and
colleagues™ on DECT perfusion imaging in acute severe
COVID-19 pneumonia align with these phenotypes,
capturing both venous thromboembolism and a small
vessel angiopathy.

[tis important to emphasise that ventilation—perfusion
mismatches do not necessarily indicate an acute
thromboembolic event. Reports of the natural history of
reperfusion trajectories in the venous thromboembolism
studies show that perfusion defects could persist in
about 50% of patients, with resolution stabilising
between 6 weeks to 6 months.” However, when
considered with symptoms and non-imaging invest-
igations, this perfusion information can be used to
trigger further anatomical imaging (figure 2). The extent
of ventilation—perfusion mismatch can also be a useful
index*** when interpreted alongside functional indices
of echocardiography and exercise physiology.**
A normal VQ SPECT scan (figure 5A) essentially
excludes clinically significant post-thromboembolic
sequelae, with the caveat that it remains to be seen how
VQ SPECT imaging responds to the more subtle
footprints of COVID-19 small vessel disease.

It is worth being mindful, when using any perfusion
technique, that classical segmental ventilation—perfusion
mismatches (figure 5B) could occur with non-thrombotic
conditions of the vascular tree, such as vasculitis and
sarcoidosis.” In the context of COVID-19 follow-up, some
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patterns of interstitial morphology, particularly those
with large cystic air spaces, might show a relative
ventilation—perfusion mismatch, with perfusion affected
more than ventilation,”*" although this is easily resolved
with modern SPECT-CT imaging with a CT template to
corroborate lung morphology.

Novel CT lung perfusion techniques
Although VQ SPECT-CT scintigraphy is the accepted
gold-standard screening tool for the evaluation
of chronic thromboembolism,” novel spectral CT
perfusion techniques have been under investigation for
several years, gaining more visibility in the COVID-19
context. Spectral or DECT perfusion relies on the way in
which tissues of different densities handle different
energy spectra. This enables contrast-enhanced iodine
density maps of lung parenchyma to be computed that
reflect regional blood flow. Such perfused blood volume
(PBV) maps are surrogate markers of lung perfusion and
add a physiological component to conventional CTPA
(appendix p 3). Although not universally available, several
centres with necessary CT hardware have been evaluating
this technique in the context of COVID-19 acute illness.”*
Another modified CT method with the same goal is CT
lung subtraction iodine mapping (CT-LSIM), which does
not require special hardware; rather, it involves the
subtraction of non-contrast CT from contrast-enhanced
CTPA to produce surrogate parenchymal iodine maps.**
Both DECT and CT-LSIM hold exciting potential as a
one-stop triad of perfusion mapping, imaging of luminal
clot on CTPA, and visualisation of lung parenchymal
changes (appendix p 3). However, the evaluation of these
techniques, especially with regard to acute thrombo-
embolic events, when air-space pathology might induce
reflex changes in perfusion, is a work in progress to which
the COVID-19 studies should contribute. Available
evidence suggests that such perfusion information offers
valuable physiological insights into acute COVID-19
pathophysiology,"***% and might have an important role
in research, at least. Lang and colleagues® reviewed a
DECT series of 25 patients and concluded that COVID-19
pneumonia is associated with pulmonary vascular and
perfusion derangements of uncertain mechanisms.
Idilman and colleagues® reported DECT perfusion defects
in 8 of 31 patients with COVID-19 in lung zones unaffected
by air-space changes, the majority (6 of 8) without CTPA
evidence of macroscopic thromboembolism. Patel and
colleagues™ analysed DECT imaging in 20 patients
with severe COVID-19 pneumonia, alongside physio-
logical and haematological parameters; they found
extensive pulmonary perfusion and structural vascular
abnormalities, and proposed that pulmonary angiopathy
and thrombosis were major contributors to pulmonary
pathophysiology. They observed enlarged segmental and
subsegmental vessels in COVID-19 pneumonia, in
keeping with several such previous reports.”* The authors
highlighted the so-called vascular tree-in-bud sign,
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Figure 3: Coronal VQ SPECT, lung CT, and DECT in patient X

Imaging in patient X, a 29-year-old woman, during the acute phase of COVID-19 and 6 weeks after the acute

illness. (A, B) Coronal VQ SPECT 6 weeks after acute illness. (A) “"Kr ventilation coronal SPECT showing relatively
preserved ventilation. (B) *"Tc MAA coronal perfusion SPECT showing subsegmental perfusion deficits (green
arrows) in upper and middle lung zones. (C, D) Coronal lung CT and DECT lung perfusion 6 weeks earlier, during

the acute phase of illness, showing no air-space changes in the lung. (D) Small perfusion defect on DECT lung
perfusion (green arrow) identified retrospectively with the benefit of findings on the 6 week VQ SPECT scan.

A CT pulmonary angiogram (not depicted) done in the acute phase of illness showed no macrothrombus.
DECT=dual-energy CT. MAA=macroaggregated albumin. SPECT=single-photon emission computed tomography.

VQ=ventilation perfusion.

hypothesising that this might be a marker of in-situ small
vessel thrombosis and angiogenesis. This imaging-based
thrombotic hypothesis,” although unproven by histo-
pathological evidence, points yet again to the small vessel
target of disease.

In a preliminary post-COVID-19 follow-up cohort, Patelli
and colleagues® reported CTPA findings in five patients
with persistent breathlessness. They supplemented
a CTPA readout with a rudimentary computer-aided
perfusion map of lung contrast distribution and reported
perfusion abnormalities without any related structural
lung abnormality in three such patients, speculating on
the possibility of unresolved microvasculature damage.

A meta-analysis® of pre-pandemic spectral DECT
perfusion studies examined available evidence for DECT-
CTPA with iodine PBV maps to establish whether it can
reliably diagnose acute pulmonary embolism or chronic
thromboembolic disease and obviate the need for
additional VQ scans in patients already undergoing CTPA.
The meta-analysis included four eligible studies with
206 examinations of spectral DECT-CTPA and PBV maps
with one or the other form of VQ scintigraphy as reference
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Figure 4: VQ SPECT and coronal lung CT in patient Y

VQ SPECT-CT in a 22-year-old woman, 6 weeks after the acute COVID-19 illness. (A, B) ®"Tc MAA perfusion coronal
MIP (B), showing subtle, tiny peripheral subpleural perfusion deficits (green arrows) in the upper zones with
relatively preserved *"Tc DTPA aerosol ventilation (A). (C) Coronal lung CT (from VQ SPECT-CT template) showing
no abnormal lung morphology. (D) VQ parametric images showing VQ quotient abnormalities highlighted in pink-
orange colour tones (green arrows) at sites of ventilation-perfusion discordance, representing ventilation-
perfusion mismatch. This pattern of tiny subpleural upper zone ventilation-perfusion mismatches is atypical for
classical pulmonary thromboembolism and taken in the COVID-19 context to represent residual small vessel insult.
MAA=macroaggregated albumin. MIP=maximum intensity projection. DTPA=diethylenetriamine pentacetic acid.
SPECT-CT=single-photon emission computed tomography with CT fusion. VQ=ventilation perfusion.

112

standard. The authors concluded that data on spectral
DECT-CTPA for pulmonary embolism remains promising,
but only small studies with methodological issues are
available. Similar to other investigators, they found that
evidence was best for chronic pulmonary embolism and
chronic thromboembolic pulmonary hypertension.*%*
The authors emphasised the need for large prospective
studies with a robust composite reference standard,
including modern CTPA and VQ scans with SPECT-CT
and formalised follow-up in unselected patients with
suspected acute and chronic pulmonary embolism.

The validation of CT-LSIM is also a work in progress;
published studies on chronic thromboembolic disease
are promising,** and the outcome of the UK INSPIRE
trial, examining CT-LSIM in chronic pulmonary
thromboembolic disease against VQ SPECT reference
imaging,” should provide further information on the
usefulness of this technique.

Other investigators have looked at the potential of
gadolinium-enhanced MRI pulmonary angiography and
3D lung perfusion (appendix p 3). The technique has

shown comparable sensitivity to planar and SPECT
perfusion scintigraphy for diagnosing chronic thrombo-
embolic disease.” The absence of ionising radiation is a
singular advantage of MRI; however, expertise and often
the availability of relevant resources are restricted to
specialist centres.

VQ SPECT versus CT perfusion in the follow-up
pathway

Perfusion scintigraphy relies on the capture of
intravenously injected technetium®™-labelled macro-
aggregated albumin particles on first pass at the
pulmonary arteriolar level, directly mirroring regional
lung perfusion, whereas CT perfusion iodine maps are
surrogate markers of perfusion. Assumptions inherent
in surrogate methods, both technique-related and physio-
logical, could affect the resulting perfusion maps.® The
VQ scan is also subject to limitations, but the link
between the imaging method and tissue perfusion is
more direct and the technique is the reference standard
in non-COVID-19 venous thromboembolism follow-up
pathways.*¥ Therefore, if availability and expertise allow,
VQ SPECT-CT remains the more validated and mature
modality to use in the follow-up of pulmonary vascular
sequelae after COVID-19. From a research perspective,
this presents an excellent opportunity to add to the
compendium of experience in evaluating DECT and
CT-LSIM perfusion in parallel with VQ SPECT-CT,
particularly as perfusion deficits in small vessel disease
could bring new imaging insights (panel).

Although most CT perfusion techniques available in
clinical practice rely on a static lung CT ventilation
surrogate, VQ SPECT-CT uses a dynamic physiological
alveolar ventilation map with radio-labelled aerosols or
gas to assess physiological ventilation—perfusion concor-
dance or discordance. The benefit of this paired
ventilation—perfusion rubric, alongside a structural lung
CT template, is to improve interpretation by ascertaining
ventilation—perfusion mismatch. VQ scan abnormalities
of a mostly matched nature can occur with airway and
primary parenchymal pathology, with the caveat of some
exceptions in interstitial fibrosis.®® However, in the
absence of local VQ SPECT infrastructure, the choice of
perfusion imaging technique is best dictated by local
resources and expertise, given that some centres have a
substantial body of experience in CT techniques.
Importantly, the interpretative criteria of perfusion
imaging in the COVID-19 context, whatever the
technique, must go beyond the conventional classical
segmental, subsegmental approach, in looking for subtle
distal peripheral footprints, to capture residual small
vessel insult.

Challenges of performing VQ SPECT in the
COVID-19 era

Although a combined ventilation and perfusion
procedure is desirable in the post-COVID-19 patient
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cohort, service delivery has not been consistent because
ventilation scintigraphy was discontinued in many
nuclear medicine centres at the start of the COVID-19
pandemic on the basis of concerns raised by many
international professional nuclear medicine societies.*
The ventilation phase involves the inhalation of radio-
labelled aerosols or gas to map regional alveolar
ventilation. At the heart of these concerns is the risk and
the perception of risk with respect to the aerosol-
generating potential (AGP) of radio-nebulisers. In the
UK, Public Health England® proffers that nebulisation
droplets are derived from the machine, not the patient,
and do not therefore have virus-transmitting potential.
WHO® and the US Centers for Disease Control and
Prevention® conclude in their advisories that there is a
possible risk, and the European Centre for Disease
Prevention and Control revised their advisory in
July, 2020,” to conclude that the infectious risk of
administration of nebulised treatment is unclear, there
being no consensus on their classification as AGP. This
subject is naturally very emotive, complicated by
conflicting perceptions of AGP risks. A systematic
review of the SARS studies” acknowledged that
substantial research gaps exist in the epidemiology
of transmission risks during nebulisation. Our
understanding of available guidance” and the evidence
base™ is that the generation of radio-aerosols or radio-
labelled gases is not of virus-carrying potential, given
that it is conducted in a separate compartment and
mitigated by a single-use patient administration set
with unidirectional airflow. However, uncertainty
remains as to whether exhaled aerosols, not mitigated
by mouthpiece design and filters, might be a source of
infection. Additionally, coughing—potentially provoked
by tidal breathing efforts by mouth—constitutes a
discrete mini-AGP event.

Importantly, as VQ SPECT is not being proposed for
the acute COVID-19 illness, but for patients who are
being followed up after COVID-19, the risks should be
safely managed. Indeed, in our view, VQ imaging has
no real practical place in the evaluation of acute
pulmonary thromboembolism during the acute
COVID-19 illness, for which CTPA and point-of-care
tests such as leg compression ultrasound and
echocardiography are central. In the post-COVID-19
cohort, it should be feasible to re-establish the service,
coordinating with local infection control units with
regard to cleaning regimens, air-exchange systems,
and appropriate personal protective equipment.
Additionally, COVID-19 PCR testing could be
considered as an added layer of risk mitigation to
ensure a low-risk environment.

Conclusion

Until 5-7 years ago, pulmonary thromboembolism was
viewed as an acute illness with a low prevalence (<4%)
of long-term sequelae of chronic thromboembolic
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Figure 5: Predicted COVID-19 VQ imaging phenotypes with normal, classical, and small vessel patterns

These images of classical vascular patterns are drawn from pre-COVID experience of VQ imaging. The proposed
phenotypes are deduced from a combination of our CTPA and VQ experience in post-COVID-19 patients and the DECT
COVID-19 literature. The top row shows *"Tc DTPA aerosol ventilation coronal SPECT slices, the middle row *"Tc MAA
perfusion coronal SPECT slices, and the bottom row VQ quotient parametric images. (A) Uniform ventilation and
perfusion pattern. (B) Classical segmental geometry of perfusion defects typical of venous thromboembolism, with
corresponding ventilation-perfusion mismatch on VQ quotient images. (C) Non-geometric small, peripheral
subpleural perfusion defects, with corresponding peripheral mismatch pattern of a small vessel angiopathy.

CTPA=CT pulmonary angiogram. DECT=dual-energy CT. DTPA=diethylenetriamine pentacetic acid.
MAA=macroaggregated albumin. SPECT=single-photon emission computed tomography. VQ=ventilation perfusion.

Panel: Research priorities for investigating pulmonary
vascular disease and sequelae after COVID-19

» Evaluation of the prevalence and extent of perfusion
abnormalities in survivors of COVID-19 across the
spectrum of illness—from non-hospitalised patients to
those in the intensive care unit—and their effect on
functional capacity, physiology, and quality of life

+ Assessment of the effect of clinical trial interventions and
hospital protocols (eg, anticoagulation strategies during
and after admission) on residual perfusion abnormalities
at follow-up

« Evaluation of CT pulmonary angiogram (CTPA)
phenotypes in the acute stage, with follow-up of residual
perfusion deficit phenotypes at 3-6 months to assess the
dominant residual site of COVID-19 vasculopathy

+ Evaluation of novel CT perfusion methods—dual-energy
CT (DECT) and CT lung subtraction iodine mapping
(CT-LSIM)—versus the reference standard methods of VQ
single-photon emission computed tomography (SPECT)
and CTPA in post-COVID-19 follow-up cohorts

pulmonary hypertension.”” It is now well recognised that
a post-pulmonary embolism clinical syndrome, resulting
from a heterogeneous mix of factors, from deconditioning
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Search strategy and selection criteria

We searched PubMed for articles published in or translated
into the English language between Jan 1, 2001,

and Aug 10, 2020, using combinations of the terms
"COVID-19”, "SARS”, “MERS”, “thromboembolism”, “PE”,
“VTE", “thrombosis”, “small vessel”, “microangiopathy,
“CTED”, "CTPEH", “post-PE syndrome”, “SSPE subsegmental
pulmonary emboli”, “post-COVID follow up”, “post-COVID
recovery”, “lung function”, “diffusing capacity”, “pulmonary”,
“lung perfusion”, “perfusion defects”, “VQ", “VQ SPECT”,
“DECT perfusion”, “spectral CT”, “CTPA”", "MRI perfusion”,
"aerosol”, "AGP”", "nebulizer”, and “nuclear medicine
guidelines”. We determined relevance on the basis of content.
We also found articles through the authors’ personal files and
from references cited in retrieved articles. We searched and
summarised international guidelines—for instance, those
issued by WHO, the US Centers for Disease Control and
Prevention, the UK National Health Service and Public Health
England, and the International Atomic Energy Agency.

The final reference list was generated on the basis of
relevance to this Personal View, with the aim of advancing
approaches to follow-up of pulmonary vascular sequelae.

to haemodynamic derangements, occurs in almost
40-50% of patients with venous thromboembolism,
affecting quality of life long after an acute thromboembolic
event.”””*

Although the long-term outcomes in survivors of
COVID-19 are unknown at present, should thrombotic
sequelae prove to be clinically significant, these have the
potential to become a public health problem. Lung
perfusion imaging offers a simple triage tool, within the
broader panel of investigations, to improve understanding
of the natural history of thromboembolic phenomena
in COVID-19 and contribute, alongside tests of
exercise physiology and function, towards separating
haemodynamic sequelae from deconditioning and
dysfunctional breathing-related functional limitations.
We believe that such imaging should be embedded in
routine post-COVID-19 follow-up pathways. On the
research front, should immunomodulatory or anti-
complement treatments emerge that are targeted at
reducing the inflammatory cascade in COVID-19, then
follow-up with objective, robust reference tools will be
desirable to monitor benefits in the long term, in both
treated and untreated cohorts. We believe that imaging
specialists should be involved early in the formulation of
post-discharge pathways that are tailored to local
expertise and resources. In this context, imaging
departments and, specifically, nuclear medicine should
be supported to adapt and manage risks to provide an
appropriate service for COVID-19 survivors.
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