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ABSTRACT Residual pulmonary vascular obstruction (RPVO) and chronic thromboembolic pulmonary
hypertension (CTEPH) are both long-term complications of acute pulmonary embolism, but it is
unknown whether RPVO can be predicted by variants of fibrinogen associated with CTEPH.

We used the Akaike information criterion to select the best predictive models for RPVO in two
prospectively followed cohorts of acute pulmonary embolism patients, using as candidate variables the
extent of the initial obstruction, clinical characteristics and fibrinogen-related data. We measured the
selected models’ goodness of fit by analysis of deviance and compared models using the Chi-squared test.

RPVO occurred in 29 (28.4%) out of 102 subjects in the first cohort and 46 (25.3%) out of 182 subjects
in the second. The best-fit predictive model derived in the first cohort (p=0.0002) and validated in the
second cohort (p=0.0005) implicated fibrinogen Bβ-chain monosialylation in the development of RPVO.
When the derivation procedure excluded clinical characteristics, fibrinogen Bβ-chain monosialylation
remained a predictor of RPVO in the best-fit predictive model (p=0.00003). Excluding fibrinogen
characteristics worsened the predictive model (p=0.03).

Fibrinogen Bβ-chain monosialylation, a common structural attribute of fibrin, helped predict RPVO
after acute pulmonary embolism. Fibrin structure may contribute to the risk of developing RPVO.
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Introduction
After acute pulmonary embolism, thrombotic material in the pulmonary arteries typically disintegrates,
although in some cases it transforms into permanent obstructing scars [1]. Residual pulmonary vascular
obstruction (RPVO) of ⩾10% is common after pulmonary embolism and can diminish physical activity,
reduce quality of life and worsen overall prognosis [2–7]. RPVO is associated with dyspnoea [8],
hypoxaemia [9], gas exchange deficits [9], exercise intolerance [2] and other serious clinical impairments
[9–11]. RPVO incurs the risk of recurrence [12] and of chronic thromboembolic pulmonary hypertension
(CTEPH) [2, 13], an uncommon [14, 15] but severe complication of pulmonary embolism [16, 17] in
which obstruction is extensive and pulmonary arterial pressure rises [18].

The mechanisms by which fibrin-rich thromboemboli transform into permanent obstructions
characteristic of RPVO and of CTEPH are incompletely understood. RPVO is not associated with
“thrombophilia” or with impaired fibrinolytic enzymes [2]. We observed that fibrin itself derived from
some patients with CTEPH forms clots resistant to lysis [19, 20] with aberrations in molecular
configuration [21] and clot structure [22] that reflect otherwise rare fibrinogen gene mutations [20].
CTEPH-associated dysfibrinogenemia may be a model for more common fibrin characteristics that might
tip the balance from clot resolution towards RPVO.

To gain insights into the development of RPVO, the Prediction of Residual Obstruction Manifested after
Pulmonary Embolism Treatment (PROMPT) study followed two cohorts of patients after acute pulmonary
embolism to determine the best predictors of RPVO. We investigated whether fibrinogen post-translational
modifications and other common fibrin structural attributes might help predict the development of RPVO
after acute pulmonary embolism. If fibrin properties are consistently associated with RPVO, then they
might be implicated as a mechanism of its development.

Methods
Study design and study population
We used clinical data and biological material from two single-centre, prospective, observational cohort
studies conducted on separate groups of acute pulmonary embolism patients in an academic teaching
hospital (Hôpital Européen Georges Pompidou, Paris, France). The two studies were approved by the local
ethics committee. All patients provided written informed consent before enrolment.

For cohort 1, we enrolled consecutive patients with pulmonary embolism from our centre who had been
included in the FARIVE study, a multicentre case–control study that evaluated the interactions of
environmental, genetic and biological risk factors on the risk of a first venous thromboembolism (VTE).
The study included consecutive subjects who were aged >18 years and had their first symptomatic
occurrence of pulmonary embolism. Patients were excluded if they had active cancer, unless they had been
treated successfully and had no evidence of recurrence in the previous 5 years. In addition, patients were
excluded if they had short life expectancies secondary to other associated pathologies, anticipated
impossibility of follow-up or a previously diagnosed thrombophilia.

For cohort 2, we enrolled consecutive patients with pulmonary embolism followed-up at our centre
between February 1999 and May 2006 who had not been enrolled in the FARIVE study [2]. This study
was designed to assess the clinical significance of residual pulmonary vascular obstruction after an episode
of acute pulmonary embolism. Patients were included if they were aged >18 years and had completed
⩾3 months of oral anticoagulant therapy without having recurrent pulmonary embolism.

In both cohorts, the diagnosis of pulmonary embolism was established through high-probability lung
scintigraphy, thoracic computed tomography (CT) scan, pulmonary angiography, sonography showing the
existence of a proximal venous thrombosis in the absence of a differential diagnosis for the reported
pulmonary symptoms or nondiagnostic pulmonary scintigraphy associated with lower extremity
ultrasound disclosing proximal deep vein thrombosis. The type and duration of long-term therapy was left
to the discretion of physician in charge of the patients. Standard practice was to treat provoked pulmonary
embolism for ⩾3 months and unprovoked pulmonary embolism for ⩾6 months.

Residual pulmonary vascular obstruction
All patients underwent a standardised ventilation/perfusion ratio (V′/Q′) lung scan ⩾6 months after the
acute pulmonary embolism [23]. A trained investigator (BP) blinded to all other study data identified and
scored mismatched perfusion defects according to a prespecified protocol [24]. We defined RPVO as a
residual vascular obstruction of ⩾10%, which corresponds to an amputation of at least two pulmonary
segments (the minimal obstruction defining a high-probability result on diagnostic V′/Q′ lung scans [25])
and is associated with dyspnoea and exercise intolerance after acute pulmonary embolism [2].
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Demographic and clinical data
A standardised tool was used upon study enrolment to record clinical data (including the type of acute
therapy and the duration of long-term therapy) and conduct a structured interview. Except for the
fibrinogen-related laboratory data described in the following section, all laboratory values were measured
in the clinical laboratory of Hôpital Européen Georges Pompidou. Physicians blinded to the other data of
each patient used a validated score to calculate the initial pulmonary vascular obstruction on the original
diagnostic CT scan [26] or V′/Q′ scan [24]. None of the subjects had pulmonary angiography as the initial
diagnostic test.

Fibrin structural attributes
Upon enrolment, blood samples were collected by venipuncture into anticoagulant-containing tubes.
Plasma was separated by two consecutive centrifugations and stored at −70°C for analysis. Plasma
fibrinogen levels were measured in a clinical laboratory at the time of blood collection.

Research assays were performed on fibrinogen that had been purified from citrated plasma by ethanol
precipitation and exposure to Gelatin Sepharose (GE Healthcare, Pittsburg, PA, USA) to remove residual
fibronectin, followed by dilution to 4 mg·mL−1 [20]. Online supplementary appendix 1 includes the
detailed assay methodologies, which have been reported previously [19, 20, 22]. They are described briefly
below.

Fibrinogen, thrombin and calcium chloride were combined to form fibrin clots in the amounts
appropriate for each structural assay. We determined the turbidity of the fibrin clots, which corresponds to
fibrin network fibril dispersal and branching as validated by microscopy [20, 22]. We measured fibrin clot
susceptibility to lysis through the rates of turbidity decrease, measured consecutively after clots were
exposed to a mixture of plasminogen and tissue plasminogen activator [20]. We measured fibrin clot
permeability, which reflects the organisation with which fibrin polymers are formed [22], by the rate of
passage of permeability buffer through fibrin clots. More organised fibrin networks with large pores have
higher flow compared to disorganised fibrin networks with small pores. We measured the degree that
fibrin crosslinks its α-chains using sodium dodecyl sulfate polyacrylamide gel electrophoresis as a
reflection of the potential to form stabilised clots during thrombosis [19]. We used I125-labelled antibodies
specific for the β15–42 peptide sequence chain (anti-β15–42) to measure the accessibility within the fibrin
clots of the fibrin β-chain amino termini (residues 15–42), which are implicated in a variety of
physiological events that affect thrombus remodelling into intravascular scars [27–29].

We measured precise fibrinogen masses using liquid chromatography, followed by mass spectrometry (LC/
MS) to identify post-translational modifications [20]. We analysed the LC/MS spectra representing the
fibrinogen Aα-chains, Bβ-chains and γ-chains and measured the proportional heights of mass peaks
corresponding to variants we had observed in CTEPH-associated dysfibrinogenaemias and any other mass
peaks that represented ⩾10% of the associated fibrinogen chains.

Statistical analysis
Categorical variables are presented as n (%) and continuous variables are presented as mean±SD. All
available demographic, clinical and fibrinogen data were compared between the two cohorts, using t-tests,
Wilcoxon–Mann–Whitney tests, Fisher’s exact tests or Chi-squared tests, as appropriate. Univariate
assessment of predictors of RPVO was performed for each cohort, using the same tests, as appropriate.

Because the interaction of lysis, the inflammation and cellular remodelling that leads to RPVO probably
develops through a complex interaction between clinical factors and biological factors, the careful selection
of a predictive model was critical to our goal. A joint predictive effect would be obscured if simplistic
univariate analyses were used [30]. For this reason, we used a stepwise multivariate logistic regression
procedure based on the Akaike information criterion (AIC) [30, 31] to select the most parsimonious and
accurate multivariable prediction model for RPVO in each cohort, using as candidate predictors both
clinical risk factors and fibrin structural properties. If the best predictive models selected in this fashion
depended on fibrin structural attributes, then the analysis would support the role of fibrin properties in
the development of RPVO after acute pulmonary embolism. The AIC-based approach avoids selecting
models solely on the basis of apparent significance of the individual terms or global fit, both of which are
likely to be overstated; overfitting is penalised [31]. We used deviance-based goodness of fit, a standard
logistic regression metric, to assess the quality of the selected models in each cohort.

Multivariable modelling was performed on information from subjects who had complete data (without
missing values), to enable model comparisons. For cohort 1, AIC-based stepwise logistic regression was
used to identify the best clinical and demographic predictors of RPVO. Then, AIC-based stepwise logistic
regression was used to select the best model to predict RPVO, using as candidate predictors each patient’s
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previously identified relevant demographic and clinical measures, as well as the results of the fibrinogen
experiments we described. We used the receiver operating characteristic (ROC) curve [32] to find the best
probability cut-off for predicting RPVO and assessed the model’s sensitivity and specificity. We then
validated the model derived in cohort 1 by using it to predict RPVO in cohort 2.

To confirm the role of specific fibrin structural attributes in RPVO, we performed the prediction model
selection process again in cohort 1 and included in the candidate predictor pool only the fibrinogen
properties and the initial degree of obstruction (excluding the clinical data). The initial degree of
obstruction is such a strong predictor of residual obstruction [2] that all predictive models would include
it. We were interested in finding additional, independently predictive measures. Finally, to further verify
the role of fibrinogen, we used a Chi-squared test of residual deviances to determine whether the model
that included the initial obstruction as well as fibrinogen properties were significantly better predictors of
RPVO than the model that excluded fibrinogen properties.

To confirm the generalisability of individual RPVO predictors identified in cohort 1, we repeated the
multivariate modelling process in cohort 2, but limited the candidate variables to those that were disclosed
by the cohort 1 analysis. We reasoned that variables predictive of RPVO in both cohorts might be
implicated in RPVO development in the general population of patients with acute pulmonary embolism. If
a variable derived from cohort 1 was not included in the optimal prediction equation generated for cohort
2, or if its coefficient was in the opposite direction, we reasoned that it would be less likely to be predictive
of RPVO in other pulmonary embolism populations.

Results
Subject populations
From January 2003 to January 2009, 137 patients were recruited into cohort 1 (figure 1a). Two (1.4%)
patients were not assessed for RPVO because they were lost to follow-up; in six (4.4%), the follow-up V′/Q′
lung scans were missing. Plasma samples for fibrin(ogen) laboratory analysis from 27 (20.9%) subjects were
unavailable. There were no significant differences between the 35 patients excluded from cohort 1 and the
included patients from cohort 1 in age, sex, time from symptoms to diagnosis or residual obstruction.
Among the 102 subjects included in the analysis, 29 (28.4%) had RPVO ⩾10% (table 1). The mean±SD time
from pulmonary embolism diagnosis to V′/Q′ lung scan was 8.3±2.5 months and degree of persistent
perfusion defect was 8.1±11.7%.

Cohort 1

n=137 acute PE

Cohort 2

n=185 acute PE

Enrolled sampled

Enrolled sampledTreatment for 3–6 months

Treatment for 3–6 months

n=2 lost to follow-up
n=2 lost to follow-up

Follow-up V'/Q' scan Follow-up V'/Q' scan

n=6 follow-up V´/Q´ missing

n=27 no blood samples

RPVO <10%

n=73 (71.5%)

RPVO ≥10%

n=29 (28.4%)

RPVO ≥10%

n=46 (25.3%)

RPVO <10%

n=136 (74.7%)

n=1 no blood samples

a) b)

FIGURE 1 Study outline for both cohorts. a) In cohort 1, out of 137 subjects recruited at the time of acute pulmonary embolism (PE) diagnosis, 102
could be evaluated, 29 (28.4%) of whom had residual pulmonary vascular obstruction (RPVO) of ⩾10%; b) in cohort 2, out of the 185 subjects
recruited after long-term treatment for acute pulmonary embolism, 182 could be evaluated, 46 (25.3%) of whom developed RPVO of ⩾10%.
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Between February 1999 and May 2006, 185 patients were recruited into cohort 2 (figure 1b). Two (1.0%)
patients were lost to follow-up. Plasma samples for fibrin(ogen) laboratory analysis were unavailable from
one (0.5%) subject. The excluded patients were not outliers on any of the studied characteristics. Among
the remaining 182 subjects, 46 (25.3%) had RPVO ⩾10%. The mean±SD time from pulmonary embolism
diagnosis to V′/Q′ lung scan was 10.9±3.7 months and mean RPVO was 6.8±12.7%.

The subject characteristics are compared between the two cohorts in table 1 (a comprehensive list is
included in online supplementary appendix 2). Cohort 1 was significantly younger than cohort 2
(52.2±19.6 years versus 61.3±18.5 years, p=0.0002). Cohort 1 had a lower prevalence of cancer (2.0% versus
12.1%, p=0.003), a lower prevalence of bed rest (8.8% versus 20.3%, p=0.01), a lower use of thrombolytics
(0% versus 5.5%, p=0.02) and a lower use of inferior vena cava filters (0% versus 4.5%, p=0.03) than cohort
2. However, family histories of VTE were more common in cohort 1 than in cohort 2 (31.4% versus
18.0%, p=0.01). Pulmonary embolism was diagnosed somewhat earlier after the onset of symptoms in
cohort 1 than in cohort 2 (11.2±17.1 days versus 14.3±28.6 days, p=0.04).

A univariate analysis of the factors associated with RPVO is displayed in table 2. In both cohorts, the
initial pulmonary vascular obstructions were smaller among those who recovered without RPVO, than in
those with RPVO. Notably, a CTEPH-associated mutation (fibrinogenSanDiegoIII) [20] was found in one
subject from cohort 1, who had RPVO of 29.5%.

TABLE 1 Comparison of characteristics of cohort 1 and cohort 2

Cohort 1 Cohort 2 p-value#

Subjects n 102 182
Age years 52.2±19.6 61.3±18.5 0.0002
Male 45.1 36.3 0.1644
VTE provoked 52.9 54.4 0.9013
Recent travel for >3 h 12.7 12.1 0.8532
Trauma or LE fracture within 3 months 10.8 9.3 0.6838
Bed rest 8.8 20.3 0.0118
Surgery or anaesthesia within 3 months 9.9 17.6 0.1153
Family history of VTE 31.4 18.0 0.0121
Active cancer 2.0 12.1 0.003
Concomitant DVT 34.3 54.9 0.0009
Time from first symptom to diagnosis days 11.2±17.1 14.3±28.6 0.0409
Diagnosis by CTPA, rather than V′/Q′ 74.5 71.4 0.6778
Initial pulmonary vascular obstruction % 38.8±25.9 34.1±22.9 0.1383
Thrombolysis 0 5.5 0.0157
Inferior vena caval filter 0 4.9 0.0288
Duration of anticoagulation days 212.5±82.80 231.8±171.42 0.91
Extended-duration anticoagulation 16.7 24.2 0.1752
Interval from diagnosis to study V′/Q′ scan days 258±75 330±111 <0.0001
Factor VLeiden 15.9 6.2 0.025
Prothrombin 20210a 13.0 5.6 0.0637
Fibrinogen Aα T312A 57.6 37.3 0.0019
Antithrombin¶ IU·dL−1 97.54±12.95 96.50±11.13 0.5982
Protein C+ IU·dL−1 98.45±24.81 104.10±19.69 0.0749
Protein S§ IU·dL−1 89.18±20.76 89.60±21.53 0.9643
Fibrinogen g·L−1 4.28±1.13 3.52±0.89 <0.0001
Platelet G·L−1 258.8±86.43 258.9±68.48 0.6496
Prothrombin ratio % control 78.97±18.52 83.75±20.38 0.001
Thrombin % control 83.35±30.13 93.76±27.03 0.0811
Factor V % control 106.2±26.58 103.8±25.32 0.9201
Factor VII % control 86.67±40.75 100.30±34.10 0.1526

Data are presented as mean±SD or %, unless otherwise stated. Wilcoxon–Mann–Whitney testing was used
to calculate p-values for continuous variables. Fisher’s exact test was used for binary variables. VTE:
venous thromboembolism; LE : lower extremity; DVT: deep vein thrombosis; CTPA: computed tomography
pulmonary angiogram; V′/Q′: ventilation/perfusion ratio. #: p-value for comparison between cohort 1 and
cohort 2; ¶: not measured in 23 out of 102 subjects in cohort 1 and 19 out of 182 subjects in cohort 2; +:
protein C values were not measured in 38 out of 102 subjects in cohort 1 and 27 out of 182 subjects in
cohort 2; §: protein S values were not measured in 42 out of 102 subjects in cohort 1 and 35 out of 182
subjects in cohort 2.
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Derivation of RPVO predictive model in cohort 1
Prediction model creation and selection was performed on 94 subjects in cohort 1 who had complete
clinical and fibrin-related datasets. When all candidate variables were considered, the optimal model to
predict the probability of RPVO included the initial extent of vascular obstruction, fibrinogen Bβ-chain
monosialylation, the days between symptoms and diagnosis and fibrinogen-γ′ (table 3). The goodness of
fit of the model was highly significant (difference between null and residual deviances=21.8, Chi-squared
p=0.0002). The area under the ROC curve (AUC) was 0.762 (p=0.0001). The sensitivity was 0.679 (95%
CI 0.476–0.841) and the specificity was 0.727 (95% CI 0.604–0.830).

Validation of RPVO predictive model in cohort 2
The optimal predictive model derived from all candidate variables in cohort 1 was applied to the 141
subjects in cohort 2 who had complete datasets. The AUC was 0.693 (p=0.0005). The sensitivity was 0.622
(95% CI 0.448–0.775) and the specificity was 0.692 (95% CI 0.595–0.777).

TABLE 2 Univariate comparison of characteristics between patients with residual pulmonary vascular obstruction (RPVO) and
without

Cohort 1# Cohort 2¶

Patients with
RPVO ⩽10%

Patients with
RPVO ⩾10%

p-value+ Patients with
RPVO ⩽10%

Patients with
RPVO ⩾10%

p-value+

Subjects n 73 29 136 47
Presentation and treatment
Age years 49.3±18.1 59.4±21.6 0.023 59.2±19.3 67.4±14.4 0.019
Provoked VTE 60.3 34.5 0.027 55.1 52.2 0.735
Interval from symptoms
to diagnosis days

8.7±15.5 17.1±19.4 0.001 12.5±25.4 19.8±36.3 0.336

Initial pulmonary vascular
obstruction %

32.4±23.2 54.9±25.9 0.0001 30.7±22.1 44.1±22.4 0.001

Extended anticoagulation 9.6 34.5 0.006 20.6 34.8 0.072
Interval from diagnosis
to V′/Q′ scan days

266.7±78.0 234.5±64.5 0.047 337.6±113.1 305.6±100.1 0.088

Clinical laboratory
Fibrinogen g·L−1 4.3±1.1 4.2±1.1 0.504 3.4±0.8 3.8±1.1 0.019
Platelets cells·nL−1 245.2±87.2 293.8±75.6 0.008 258.3±70.1 260.3±64.4 0.341
Prothrombin ratio %
of control

80.1±17.6 76.3±20.7 0.570 86.3±18.5 77.0±23.7 0.013

Fibrin property
des-gln461 Bβ-chains % 6.03±1.81 5.74±1.34 0.678 15.53±11.49 12.11±8.52 0.042

Data are presented as mean±SD or %, unless otherwise stated. Wilcoxon–Mann–Whitney testing was used to calculate p-values for continuous
variables; Fisher’s exact test was used for binary variables. VTE: venous thromboembolism; V′/Q′: ventilation/perfusion ratio. #: n=102;
¶: n=182; +: p-value for comparison between patients with and without RPVO.

TABLE 3 Predictors of residual pulmonary vascular obstruction (RPVO) in cohort 1

Candidate predictive variables OR (95% CI) p-value#

Presentation and treatment
Initial obstruction 1.041 (1.018–1.064) 0.000369
Interval symptoms to diagnosis 1.026 (0.997–1.056) 0.078758

Fibrin property
Bβ-chain monosialylation 1.074 (0.986–1.168) 0.100657
Fibrinogen-γ′ 0.641 (0.419–0.980) 0.040079

Model goodness of fit¶ 0.00022

Candidate predictors with p-values listed in the table were incorporated in the corresponding models that
had been selected by the Akaike information criterion to be optimally predictive of RPVO after acute
pulmonary embolism for the cohort. #: p-value from multivariate analysis; ¶: deviance-based goodness of
fit, comparing the fit of each model with the fit of the null model.
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Derivation of RPVO predictive model in cohort 1 using fibrinogen properties
When the candidate predictor pool excluded the clinical and demographic data, and encompassed only the
initial extent of obstruction and fibrinogen data, the best prediction model’s goodness of fit remained
highly significant (difference between null and residual deviances=26.2, Chi-squared p=0.00003). Initial
obstruction and fibrinogen Bβ-chain monosialylation remained as predictors of RPVO in that model,
which also included fibrinogen-γ′ and the fibrin lysis rate (table 4). The AUC was 0.802. However, when
the candidate predictor pool also excluded the fibrinogen data, Chi-squared tests of residual deviances
disclosed that the best-fit models did not predict RPVO as well as when fibrinogen data were included
(difference between the two models’ deviances=9.0, Chi-squared p=0.03).

Derivation of RPVO predictive model in cohort 2 using predictor pool from cohort 1
A prediction model was created for cohort 2, with the pool of candidate predictors restricted to only the
four predictors identified by the model creation and predictor selection process performed for cohort
1. When only those candidate variables were considered, the optimal model to predict the probability of
RPVO included the initial extent of vascular obstruction, fibrinogen Bβ-chain monosialylation and the
days between symptoms and diagnosis. Fibrinogen-γ′ was no longer included as a significant predictor.
The goodness of fit of the model remained highly significant (difference between null and residual
deviances=18.8, Chi-squared p=0.0009). The AUC was 0.702.

In a post hoc analysis, the median extent of Bβ-chain monosialylation among the entire (two-cohort)
group was 59.2%. Among the half of patients with Bβ-chain monosialylation below the median level,
19.4% had RPVO, whereas 31.9% of those with higher levels of Bβ-chain monosialylation had RPVO
(p=0.0169).

Discussion
We followed two cohorts of patients after acute pulmonary embolism to determine the factors that were
most predictive of RPVO. High proportions of monosialylation of the fibrinogen Bβ-chain were
consistently predictive of RPVO across the two cohorts. Among the other candidate variables, only the
initial degree of vascular obstruction was more predictive of RPVO, which is in agreement with our
previous observations [2].

We defined RPVO as persistent lung perfusion defects in ⩾10% of the lungs (i.e. in at least two lung
segments). Although we did not objectively measure quality of life or other symptomatic outcomes in the
current study, we previously reported that our definition of RPVO, which occurred in 29% of acute
pulmonary embolism patients, was significantly associated with dyspnoea, elevated pulmonary artery
pressures and exercise intolerance [2]. Among pulmonary embolism patients with this degree of RPVO,
16% were subsequently diagnosed with CTEPH [2].

The predictors selected by the model were highly associated with the subsequent development of RPVO
(p=0.0001 in the derivation cohort and p=0.0005 in the validation cohort). The diagnostic accuracies of the
model were not sufficiently high to exclude of predict RPVO for clinical purposes (AUC 0.762 and 0.693 in
the derivation and validation cohorts, respectively). However, the association between RPVO and fibrinogen
properties provides insights into the mechanism whereby some patients develop RPVO or even CTEPH
after acute pulmonary embolism. No association with genetic thrombophilia has been identified [2], which

TABLE 4 Predictors of residual pulmonary vascular obstruction (RPVO) in cohort 1, considering
only the initial obstruction and fibrin properties

Candidate predictive variables OR (95% CI) p-value#

Presentation and treatment
Initial obstruction 1.054 (1.028–1.080) 0.00003

Fibrin property
Bβ-chain monosialylation 1.095 (0.994–1.206) 0.0655
Fibrin clot lysis rate 10.872 (0.349–338) 0.1737
Fibrinogen-γ′ 0.614 (0.386–0.975) 0.0388

Model goodness of fit¶ 0.00003

Candidate predictors with p-values listed in the table were incorporated in the corresponding models that had
been selected by the Akaike information criterion to be the optimally predictive of RPVO after acute
pulmonary embolism for the cohort. #: p-value from multivariate analysis; ¶: deviance-based goodness of fit,
comparing the fit of each model with the fit of the null model.
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raises the possibility that impairments in the process of fibrinolysis are responsible [33]. We focused our
investigation on fibrin itself, since the resistance of purified fibrin clots to lysis has been observed in some
patients with CTEPH [19, 20] and, to a lesser extent, in some pulmonary embolism patients [33, 34]. We
used as our model the properties of fibrin [21, 22] that we had observed in CTEPH-associated
dysfibrinogaenemias [20]. We reasoned that variations in post-translational modification patterns might
influence fibrin formation and lysis [35, 36] less severely, but more commonly, than CTEPH-associated
dysfibrinogaenemias and that they may have a role in persistence of thromboemboli after acute pulmonary
embolism.

Our results support the hypothesis that attenuation of the body’s normal mechanisms for resolution of
fibrin-rich thrombi is an important pathophysiological step in the aetiology of chronic syndromes after
venous thromboembolism [5, 18]. One possible mechanism is that properties of the fibrin clot would delay
or limit plasmin-mediated fibrinolysis or modify other clot resolution mechanisms such as angiogenic and
inflammation responses [18]. Our observations suggest that structural attributes of fibrin may influence
fibrin clot structure sufficiently to contribute to poor clot resolution and chronic disease after acute
pulmonary embolism.

High proportions of monosialiated Bβ-chains were predictive of RPVO in both pulmonary embolism
cohorts studied. Sialylation occurs during fibrinogen formation and has various effects on fibrin polymer
organisation and resolution due to the electrostatic effect of the negatively charged sialic acid.
Experimental sialic acid removal results in disordered fibrin clot formation [35, 37, 38], while excessive
sialylation of Bβ-chains and γ-chains also results in abnormal clots [22, 36]. Monosialylation is increased
when clotting might be beneficial, such as during pregnancy [39] and acute infection [40].

The results for the two cohorts we studied differed somewhat in the predictive power of low fibrinogen-γ′,
which has been implicated in the regulation of fibrin cross-linking. The differences might be due to
chance. Alternatively, they might reflect subtle differences between the two cohorts or even different
implications of fibrin(ogen) characteristics at the time of the acute pulmonary embolism (when blood
samples were collected from the first cohort) and several months later (when the second cohort was
sampled).

Our study is limited by the fact that we did not independently confirm the clinical significance of RPVO
in our patients by objective measurements of dyspnoea, haemodynamics or subsequent clinical outcomes
after completion of the study protocol. However, we have validated the association between RPVO and
those findings in a previous series of similar pulmonary embolism patients [2]. We also acknowledge that
20% of patients in the first cohort were excluded because they did not have adequate plasma samples for
fibrinogen analysis, which could have introduced a potential for bias in the analysis of that cohort. While
we did not disclose an association between the type of acute or long-term anticoagulation therapy and
RPVO, the study was performed prior to the widespread use of direct oral anticoagulants, so we cannot
comment on the influence of those therapies. Finally, despite the consistency of our findings in both
cohorts who had similar rates of RPVO, they should be confirmed in subsequent prospective studies.

Conclusion
The extent of pulmonary vascular obstruction at the onset of pulmonary embolism, as well as fibrinogen
Bβ-chain monosialylation, were predictive of RPVO after acute pulmonary embolism in the two cohorts
studied. Our results confirm our previous observations and support the role of fibrin properties in the
resolution or persistence of thrombi after acute pulmonary embolism, which is similar to the role played in
the development of CTEPH. It is possible that abnormal fibrin properties could help identify acute
pulmonary embolism patients at high risk for RPVO for whom adjuvant therapy to modify disease
progression might be evaluated. For example, since fibrinogen properties such as fibrinogen Bβ-sialylation
may be influenced pharmacologically [39], the effect on RPVO of such interventions to alter fibrinogen or
the body’s response to fibrin may have clinical implications.
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