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Septal bowing and pulmonary artery diameter on computed
tomography pulmonary angiography are associated with short-term
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Abstract
Purpose Patients with acute pulmonary embolism (PE) can quickly deteriorate and the condition has high mortality due to right
ventricular (RV) failure. Immediately available predictors of adverse outcome are of major interest to the treating physician in the
acute setting. The purpose of the present study was to evaluate if easily attainable measurements of RV function from the
diagnostic computed tomography pulmonary angiography (CTPA) provide information for fast risk stratification in patients with
acute PE.
Methods We retrospectively evaluated images from CTPA in 261 patients (age median 60 years, 50% females) enrolled in a
prospective study. RV and left ventricular (LV) diameters and their ratio, the presence of septal bowing, contrast reflux in the
inferior vena cava, and the diameter of the central pulmonary arteries (PA) were measured. The composite outcome was 5-day
severe adverse events including death, acute decompensation, or need for emergent treatment. We used Wilcoxon rank sum test
and Fischer’s exact test to test between groups and multivariate logistic regression for prediction.
Results In multivariate analysis, increased diameter of the main PA (OR = 1.08 per 1 mm increase, p = 0.047) and the presence of
septal bowing (OR = 2.23, p = 0.055) were associated with severe adverse events. RV/LV > 1 did not predict severe outcomes
(OR = 0.73, p = 0.541).
Conclusions Two easily attainable parameters of RV function on CTPA, septal bowing and main PA diameter, are associated with
short-term adverse outcomes in patients with acute PE. Further study is required to determine whether these findings can be
incorporated into clinical treatment algorithms.
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Introduction

Acute pulmonary embolism (PE) is a common but dangerous
condition. It is the third most common cause of cardiovascular

death [1]. Death from PE is due to right ventricular (RV)
failure caused by increased RVafterload [2], and the majority
of PE-related deaths occur within hours of the embolus [1, 3].
Therefore, it is critical to diagnose and risk-stratify patients
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with PE as quickly as possible. Because CT pulmonary angi-
ography (CTPA) is the primary modality for the diagnosis of
PE [4, 5], it would be time-saving and of high value to the
treating physician if CTPA findings could also identify pa-
tients at risk for death or clinical decompensation [4].

CTPA obstruction indices quantify the clot burden, but
clot burden is not consistently associated with outcomes
[1, 5–9]. Moreover, some clot burden scores are time-
consuming and can be difficult to apply to acute medical
care [7, 10]. Single-image analysis of the RV to left ven-
tricular (LV) ratio may be quicker and more clinically rel-
evant than quantifying clot burden. However, studies of
CTPA measurement of the RV/LV ratio have yielded con-
flicting results, and some studies show poor specificity
compared to echocardiography [7, 9, 11–15]. Other mea-
sures of RV function (e.g., the reflux of contrast material
into the inferior vena cave (IVC), the size of the pulmonary
arteries, or the morphology of the right atrium) have not
been as widely studied as the RV/LV ratio.

Therefore, the objective of the present study was to evalu-
ate several CTPAmeasures of RV function and the pulmonary
vasculature and assess their correlation to short-term out-
comes in emergency department (ED) patients diagnosed with
acute PE.

Methods

Study design

This was a secondary analysis of data from a prospective
observational cohort study performed between 2008 and
2011 in the ED of Massachusetts General Hospital, a level 1
trauma, quaternary care hospital with 105,000 annual visits in
the ED. The study was approved by the Human Research
Committee of Partners HealthCare Inc. (2008-P-002001)
and all patients provided written consent to participation.
The original study was funded by a grant from the Harvard
Milton Foundation.

Details from the study have been published previously [10,
16]. In short, adult (age ≥ 18) patients diagnosed with PE
based on a CTPA performed within 24 h after registration in
the ED were enrolled. Enrolment and reporting of the study
was performed in accordance with the Strengthen the
Reporting of Observational Studies in Epidemiology guide-
lines [17]. Exclusion criteria for this analysis were patients
with CTPA images not available for review, with inadequate
follow-up data, with signs of chronic PE, or non-
thromboembolic cause of PE (e.g., tumor emboli). After initial
enrollment, trained study staff visited the patients daily for the
first 5 days of hospitalization and recorded follow-up data
including all adverse events.

CTPA protocol

All CTPA were performed on either a 16- or 64-section
multidetector-row CT scanner (GE Lightspeed 16, GE
Lightspeed VCT, GE Healthcare, Milwaukee, Wisconsin).
Patients were placed in supine position and ask to rest arms
above their shoulders for CT scanning. Images were ob-
tained with shallow breath-hold to avoid inadvertent
Valsalva maneuver. Scanning was triggered using standard
algorithm with bolus triggering timed at the level of the
main pulmonary artery where region of interest was placed
at a threshold of 100 HU. Patients received non-ionic in-
travenous contrast media (Isovue 370 mg%, iopamidol,
Bracco Diagnostics, Princeton, New Jersey) at 3–4 ml/s
for a volume of 65–90 ml based on their weight followed
by a 40-ml bolus of isotonic saline. All patients were
scanned in caudocranial direction with helical scan mode
using 100–120 kV, 1.375:1 pitch, 0.5 s gantry rotation
time, specific detector configurations (16-section CT,
16 × 1.25 mm; 64-section CT, 64 × 0.625 mm), and longi-
tudinal automatic tube current modulation (Auto mA, GE
Healthcare) at noise index of 10–15 based on the patient
weight. Images were reconstructed with standard recon-
struction algorithm at 2.5 and 1.25 mm section thickness.
Coronal and sagittal multiplanar reformatted (MPR) im-
ages were generated at 1.25 mm section thickness.

Image review

CTPA images were interpreted using 1.25 mm images and
coronal and sagittal MPR reformations on the image process-
ing workstation. Two independent radiologists (PM and FH
with 5 years of experience) reviewed images for predefined
measures of RV function. The readers were blinded to the
clinical features, biomarkers, echocardiogram results, and out-
come of patients to minimize risks of bias.

Acute PE was defined by as presence of an endoluminal,
low-attenuation filling defect with partial or total obstruc-
tion of a pulmonary artery. Cardiac trans-sectional mea-
surements were performed from standard axial source im-
aging of the heart generated on the image processing work-
station. RV and LV dimensions were recorded as the dis-
tance between the endocardium of the septum and the free
wall of each ventricle just below the atrial-ventricular leaf-
lets at the level of widest luminal dimension [18]. The RV/
LV ratio was calculated and a predefined cutoff of RV/
LV > 1.0 was considered RV dilatation. Interventricular
septal bowing was evaluated subjectively on transverse
CT scans and reported as dichotomous outcome (present
vs. absent) if any image showed septal bowing [18]. The
presence of contrast medium in the IVC was noted as di-
chotomous outcome (present vs. absent). Vascular mea-
surements were obtained on multiplanar reformatted
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images with a plane perpendicular to the long axis of the
vessel [18]. We recorded the diameter of the main pulmo-
nary artery (PA) and the right and left PA.

Outcome

Our primary endpoint was clinical deterioration within
5 days consistent. We focused on 5-day outcomes to iden-
tify events most likely to be associated with the acute PE
(rather than events associated with underlying illness) and
to capture events occurring in a timeframe consistent with
the median length of hospitalization for PE in our hospital
(3 days) [16, 19]. The endpoint was a composite of all-
cause mortality, need for rescue interventions (systemic
or catheter-directed thrombolysis, percutaneous or surgical
embolectomy), unstable dysrhythmias (new ventricular
tachycardia or fibrillation), need for hemodynamic support
(inotropes or vasopressors), need for respiratory support
(positive pressure ventilation or mechanical ventilation),
and need for advanced cardiac life support. To identify
adverse outcomes, trained study staff reviewed medical
records, visited with hospitalized patients, and interviewed
their providers daily during the first 5 days of hospitaliza-
tion. Adverse outcomes in patients who were discharged
from the hospital before 5 days were ascertained by a com-
bination of telephone calls and review of medical records
[16].

Statistical analysis

Data was analyzed using SAS software version 9.3 (SAS
Institute, Cary, NC, USA). As two radiologists reviewed
all images, we used the average of their measurements for
all continuous data. Tests for normality were conducted
(Kolmogorov–Smirnov test) and as the majority of data
were not normally distributed, all data are presented as
median and interquartile [IQ] range for interpretation and
comparison. Differences between outcome groups in CT
findings and other continuous variables of interest were
compared using the Wilcoxon rank sum test. Fischer’s ex-
act test was used for dichotomous variables. Multivariable
logistic regression was conducted for variables showing
strong relationship with outcome and those of clinical im-
portance, i.e., adjusting for main PA diameter, presence of
septal bowing, and RV/LV ratio. Because RV dysfunction
is in the causal chain between clot burden and adverse
outcomes, we did not adjust for clot burden in our primary
multivariable model. Interobserver agreement was ana-
lyzed by correlation with Pearson coefficients for continu-
ous variables and Kappa coefficient for binary. A p value
< 0.05 was considered statistically significant [20].

Results

We retrospectively analyzed 302 patients. Forty-one patients
were excluded (no CTPA performed: n = 9, CTPA performed
but images not available in medical record for review: n = 15,
false positives: n = 8, chronic PE n = 3, tumor n = 3, lost to
follow-up n = 3). A total of 261 patients were included in the
analyses.

Baseline characteristics are shown in Table 1 for the total
population and stratified by outcome. Demographics and co-
morbid illnesses were comparable across the two groups, but
consistent with our definition of adverse outcomes, patients
with adverse outcomes had more severe clinical presentations
(e.g., lower systolic blood pressure).

Interobserver variation analysis of CTPA measurements
showed high correlation with Pearson correlation coefficients
of 0.86 for the main PA, 0.86 for the right PA, 0.90 for the left
PA, and 0.81 for the RV/LVratio (all p < 0.0001). Kappa value
was 0.45 for the presence of septal bowing and 0.83 for the
presence of contrast reflux.

Cardiac and vascular measurements are presented in
Table 2. The central pulmonary arteries were generally larger
in patients with clinical deterioration. The diameters of the
ventricles were comparable, whereas the presence of septal
bowing was more common in patients with worse outcomes.

In univariate analysis, main PA diameter was associated
with outcomes (OR 1.08, 95%CI 1.01–1.16, p = 0.027) but
not the right PA diameter (OR 1.07, 95%CI 0.099–1.15, p =
0.090) or the left PA diameter (OR 1.07, 95%CI 0.098–1.17,
p = 0.116). RV/LV ratio yielded an OR of 1.32 (95%CI 0.58–
3.04, p = 0.508). The presence of septal bowing (single rater)
was associated with adverse outcomes (OR 2.21, 95%CI
1.06–4.53, p = 0.031), whereas septal bowing (both raters)
or the presence of contrast reflux in IVC were not associated
(data not shown). Table 3 shows the multivariate regression
analyses including main PA diameter, RV/LV ratio and septal
bowing with odds ratios (OR) between cardiac and vascular
measures and outcome. The presence of septal bowing
showed the highest OR (2.23, 95%CI 0.98–5.04) and nearly
achieved statistical significance (p = 0.055). The statistically
strongest correlation was seen for main PA diameter with an
OR = 1.08 (95%CI 1.00–1.16, p = 0.047).

Discussion

Patients with PE can deteriorate quickly, so there is a clin-
ical need for rapid risk stratification after diagnosis.
Because CPTA images are readily available for most pa-
tients diagnosed with PE, identifying features on CTPA
associated with clinical deterioration or death could aid in
risk stratification. We previously developed a rapid, simple
method for quantifying clot burden and correlated this with

Emerg Radiol (2019) 26:623–630 625



clinical outcomes [10]. However, RV function is generally
thought to be a more consistent predictor of adverse out-
comes in PE than clot burden [1, 5, 6]. In the current study,
we sought to investigate cardiovascular CTPA measure-
ments reflective of RV function.

We found that the diameter of the main pulmonary ar-
tery and the presence of intraventricular septal bowing
were associated with short-term clinical deterioration after
PE (Table 3, Figs. 1 and 2). These are fast and simple

measurements of cardiac and vascular dimensions avail-
able from any CTPA and our results are generally consis-
tent with other studies [7, 9, 19, 21–25]. However, other
studies evaluating CTPA measures of RV function have
used different follow-up periods or strategies of measure-
ment. For example, Moroni et al. followed patients for
3 months [22], and Apfaltrer et al. [9] measured RV and
LV diameters at their broadest and not at the level of the
leaflets or at least at the same level in the respective

Table 1 Patient characteristics of all patients and stratified by outcome

Total (n = 261) Patients who did not meet outcome
(n = 222)

Patients who met outcome
(n = 39)

p value

Age (years) 60 (47–72) 59 (45–71) 63 (50–75) 0.156

Sex (female) 131 (50.2%) 111 (50%) 20 (51.3%) 1.000

Race
(white/black/Asian/other)

235 (90.0%)/15 (5.7%)/2 (0.8%)/9
(3.5%)

200 (90.1%)/12 (5.4%)/2 (0.9%)/8
(3.6%)

35 (89.7%)/3 (7.7%)/0 (0%)/1
(2.6%)

1.000

Past medical history

Coronary artery disease 20 (7.7%) 15 (6.8%) 5 (12.8%) 0.194

Congestive heart failure 11 (4.2%) 8 (3.6%) 3 (7.7%) 0.216

Lung disease 39 (14.9%) 33 (14.9%) 6 (15.4%) 1.000

Malignancy 95 (36.4%) 75 (33.8%) 20 (51.3%) 0.047

Prior history of VTE 45 (17.2%) 41 (18.5%) 4 (10.3%) 0.255

Recent immobilization 90 (34.5%) 76 (34.2%) 14 (35.9%) 0.856

Clinical presentation

Heart rate (1/min) 94 (83–108) 94 (83–106) 93 (84–117) 0.547

Systolic blood pressure
(mmHg)

115 (103–130) 117 (107–131) 100 (88–118) 0.00001

Respiratory rate (1/min) 20 (20–22) 20 (20–22) 20 (20–24) 0.475

Oxygen saturation (%) 96 (94–97) 96 (94–97) 95 (91–96) 0.061

D-dimer (mcg/L) 2730 (1240–5244) 2577 (1227–5049) 3990 (1405–6733) 0.496

NT-proBNP (pg/mL) 296 (74–1026) 220 (66–986) 473 (124–1453) 0.039

Data are presented as median (interquartile range) or n (%) where appropriate

VTE, venous thromboembolism, NT-proBNP N-terminal pro-brain natriuretic peptide

Table 2 Cardiac and vascular measurements stratified by outcome

CT variable Patients who did not meet outcome (n = 222) Patients who met outcome (n = 39) p value

Main PA (mm) 27.7 (25.1–31.0) 29.9 (21.8–32.4) 0.014

Right PA (mm) 22.7 (19.9–25.4) 24.2 (21.5–27.0) 0.032

Left PA (mm) 22.7 (20.2–25.3) 23.7 (21.5–27.0) 0.088

RV (mm) 40.7 (35.5–46.0) 39.6 (36.0–47.5) 0.836

LV (mm) 40.5 (35.9–45.3) 39.4 (33.4–46.8) 0.751

RV/LV ratio 0.97 (0.86–1.16) 1.10 (0.82–1.25) 0.440

Presence of septal bowing (single rater) 49 (22%) 15 (38%) 0.042

Presence of septal bowing (both raters) 18 (8%) 5 (13%) 0.357

Presence of contrast reflux in IVC (single rater) 46 (21%) 12 (31%) 0.209

Presence of contrast reflux in IVC (both raters) 35 (16%) 9 (23%) 0.254

Data are presented as median (interquartile range) or n (%). Dichotomous variables were analyzed using methods to be more sensitive (if one radiologist
detected a positive finding) or to be more specific (if both radiologists detected a positive finding)

CT computed tomography, PA pulmonary artery, RV right ventricle, LV left ventricle, IVC inferior vena cava
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ventricles. Our follow-up period reflects short-term clinical
deterioration that (A) is more likely to be directly related to
the PE than longer term outcomes and (B) occurs during a
typical hospitalization for PE and during a time period
where acute intervention (e.g., thrombolysis) might be
considered.

Acute PE causes mechanical obstruction and release of
pulmonary vasoconstrictors [3]. The combination of obstruc-
tion and vasoconstriction increases pulmonary vascular resis-
tance and causes blood to pool in the (normally compliant)
pulmonary arteries, thereby causing PA distension (Fig. 1).
However, the main pulmonary artery loses compliance the
more it is stretched and does have a limit of distensibility.
The value of 29.0 mm has been established as the maximal
normal value of main PA diameter and suggested as cutoff to
detect pulmonary hypertension (PH) [26, 27]. In our study, the
median PA diameter in patients with adverse outcomes was
29.9 mm with a broad IQ range. This may limit its clinical
utility. Furthermore, one might expect the progress of PA di-
latation to be different between acute PE and slowly
progressing PH. Therefore, while we do see a statistically
significant association between PA diameter and short-term
clinical deterioration, the limited total distensibility of the
main PA in acute PE may mean that the OR (1.08, per 1 mm
increase) we found is of limited clinical relevance. Other stud-
ies also find the PA diameter only to be a weak predictor [7, 8,
22, 25, 28, 29].

We also found that bowing of the interventricular sep-
tum was associated with a more than twofold risk of clin-
ical deterioration, with a p value bordering statistical sig-
nificance (p = 0.055). Septal bowing is a sign of high RV
intraventricular pressure with a decreasing trans-septal
pressure gradient. Leftward shift of the septum and RV
output failure limits LV filling and compromises LVoutput
and, accordingly, cardiac output and mean blood pressure.
Decreased coronary perfusion pressure worsens RVoxygen
supply, causing RV ischemia and will further worsen RV
function [2] (see Fig. 2b). Abnormal septal positioning has
been shown to be a negative predictor in both CT and
echocardiography [8, 13] but not consistently [24, 25].
This discordance may be explained by a relatively poor
interobserver agreement in the detection of septal bowing
[30], which corresponds to the low kappa value in the

present study. The limited reliability in the interpretation
of septal bowing may need to be acknowledged in clinical
practice. On the contrary, as septal movements vary
through the cardiac cycle [31], non-gated CT may produce
false-negative measurements yielding an even higher OR.
Collectively, despite the kappa value and due to the high
OR, we believe that finding of septal bowing on CTPA is
the most clinically relevant finding of the present study,
and emergency physicians and radiologists may find this
observation useful.

The RV/LV ratio is a well-established measure of RV
dilatation on CT. The most widely accepted cutoffs are
0.9 and 1.0 [10, 12, 14, 22, 32, 33]. Our study did not show
a correlation with outcome using a predefined cutoff of 1.0.
Previous studies with a positive correlation have used
higher cutoffs and thereby limited their analyses to patients
with more dilated RVs [8, 11, 28, 29, 34]. For example,
Kang et al. [34] found RV/LV ratio to be an independent
predictor for mortality using a cutoff of RV/LV > 1.5, and
Hefeda and Elmasry [8] found RV/LV > 1.2 to be correlat-
ed with 30 day mortality. In opposition to our results,
Singanayagam et al. showed independent association be-
tween the RV/LV ratio and short-term outcome with the
same cutoff RV/LV > 1.0 we used. However, while their
analysis only adjusted for pulmonary embolism severity
index (PESI), patients with RV dilatation had significantly
higher heart rates and respiratory rates and lower blood
pressure and oxygen saturation. These unadjusted differ-
ences may explain their observed association [12].

Studies have established correlation between clot burden
and RV dilatation [8, 21, 35]. While some studies have found
a correlation between clot burden and adverse outcomes [8,
36], most studies support no correlation [6, 21, 22, 25, 28, 29].
We speculate that the discrepancy may be caused by a lack of
adjustment for RV dysfunction.

We did not find a correlation between contrast medium
reflux to the IVC, which would be a sign of RV dysfunction
with blood stasis in the central veins and low forward flow
from the RV. Previous studies including IVC reflux have re-
ported conflicting results [8, 13, 19, 24, 25, 34] suggesting
that this is a less reliable predictor. Besides PE, several other
cardiac conditions and the contrast injection rate can cause
IVC reflux [37, 38] which might explain the discrepancy.

Table 3 Multivariate associations
between cardiac and vascular
measurements and adverse short-
term outcomes

Correlation between CT measurement and outcome OR 95%CI p value

Main PA 1.08 1.00–1.16 0.047

RV/LV ratio 0.73 0.27–1.99 0.541

Presence of septal bowing (single rater) 2.23 0.98–5.04 0.055

The dichotomous variable of septal bowing was included using the more sensitive definition

CT computed tomography, OR odds ratio, CI confidence interval, PA pulmonary artery, RV right ventricular, LV
left ventricular
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Our study has several limitations. First, the analyses
were done retrospectively. However, the patients were en-
rolled prospectively and both radiologists reading the
CTPA were blinded to all clinical data and outcomes.
Second, a major uncertainty in the measurement of RV/
LV ratio is the use of non-gated CT acquisition as images
are obtained at inconsistent times of the cardiac cycle. This
might explain why we found no association between RV/
LV ratio and short-term outcomes. Gated CT scanning
does, on the other hand, require more radiation exposure
to the patients and is not the clinical standard for CTPA in
the ED. We recognize that RV/LV ratio can be measured
volumetrically, and these measurements have been corre-
lated with outcomes [9, 11, 13, 39]. Our method of mea-
suring the RV/LV ratio in cross section may have led to
inaccuracy and limited our ability to see a correlation with
outcomes. However, cross-sectional measurements are
more common clinically and can be done more rapidly,

so may be more relevant to emergency radiology practice
[39]. Lastly, we only measured few cardiac and vascular
dimensions and did not adjust for clot burden or equally
time-consuming measures. However, the aim of the study
was to identify rapidly obtained measurements relevant to
emergency settings. More complex measurements may
predict outcomes, but if they are overly complex or time-
consuming, they are unlikely to be adopted into clinical
practice.

Conclusion

The presence of septal bowing and greater main PA diam-
eter were associated with short-term adverse clinical out-
comes in ED patients diagnosed with acute PE. These mea-
sures can be easily and quickly measured in the ED. The
main PA diameter was only a weak predictor and may be of

Fig. 2 Signs of RV dysfunction on CT. Panels a and b stem from the
same two patients as in Fig. 1. aA normal interventricular septum bowing
towards the RV. b An enlarged RV with high intraventricular pressure
causing the leftward shift and bowing of the septum. This may

compromise LV preload, LV function, and the systemic circulation, too.
See text for further details. CT, computed tomography; RV, right
ventricle; LV, left ventricle

Fig. 1 Representative images of pulmonary embolism with and without
main PA dilatation. a CTPA from a patient, that despite PE has a normal,
narrow main PA of 22.3 mm. bHow PE has caused dilatation of the main

PA to 30.2 mm. PA, pulmonary artery; CTPA, computed tomography
pulmonary angiography; PE, pulmonary embolism; Ao, aorta
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limited clinical relevance. Further research should continue
to focus on RV function and pulmonary perfusion and
could include novel CT parameters to identify patients
who need aggressive therapy or intensive observation.
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