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Abstract

Background

The challenging clinical dilemma of detecting pulmonary embolism (PE) in suspected
patients is encountered in a variety of healthcare settings. We hypothesized that the optimal
diagnostic approach to detect these patients in terms of safety and efficiency depends on
underlying PE prevalence, case mix, and physician experience, overall reflected by the type
of setting where patients are initially assessed. The objective of this study was to assess the
capability of ruling out PE by available diagnostic strategies across all possible settings.

Methods and findings

We performed a literature search (MEDLINE) followed by an individual patient data (IPD)
meta-analysis (MA; 23 studies), including patients from self-referral emergency care (n=
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12,612), primary healthcare clinics (n= 3,174), referred secondary care (n=17,052), and
hospitalized or nursing home patients (n=2,410). Multilevel logistic regression was per-
formed to evaluate diagnostic performance of the Wells and revised Geneva rules, both
using fixed and adapted D-dimer thresholds to age or pretest probability (PTP), for the
YEARS algorithm and for the Pulmonary Embolism Rule-out Criteria (PERC). All strategies
were tested separately in each healthcare setting. Following studies done in this field, the
primary diagnostic metrices estimated from the models were the “failure rate” of each strat-
egy—i.e., the proportion of missed PE among patients categorized as “PE excluded” and
“efficiency”—defined as the proportion of patients categorized as “PE excluded” among all
patients. In self-referral emergency care, the PERC algorithm excludes PE in 21% of sus-
pected patients at a failure rate of 1.12% (95% confidence interval [CI] 0.74 t0 1.70),
whereas this increases to 6.01% (4.09 to 8.75) in referred patients to secondary care at an
efficiency of 10%. In patients from primary healthcare and those referred to secondary care,
strategies adjusting D-dimer to PTP are the most efficient (range: 43% to 62%) at a failure
rate ranging between 0.25% and 3.06%, with higher failure rates observed in patients
referred to secondary care. For this latter setting, strategies adjusting D-dimer to age are
associated with a lower failure rate ranging between 0.65% and 0.81%, yet are also less effi-
cient (range: 33% and 35%). For all strategies, failure rates are highest in hospitalized or
nursing home patients, ranging between 1.68% and 5.13%, at an efficiency ranging
between 15% and 30%. The main limitation of the primary analyses was that the diagnostic
performance of each strategy was compared in different sets of studies since the availability
of items used in each diagnostic strategy differed across included studies; however, sensi-
tivity analyses suggested that the findings were robust.

Conclusions

The capability of safely and efficiently ruling out PE of available diagnostic strategies differs
for different healthcare settings. The findings of this IPD MA help in determining the optimum
diagnostic strategies for ruling out PE per healthcare setting, balancing the trade-off
between failure rate and efficiency of each strategy.

Author summary

Why was this study done?

« Pulmonary embolism (PE; i.e., clots in pulmonary vessels) is a potentially fatal condi-
tion, and patients suspected of having this condition are encountered in many different
healthcare settings.

o To help physicians with ruling out PE without additional imaging tests, several diagnos-
tic strategies exist, consisting of clinical items and a blood test (D-dimer testing), with
different approaches to interpret this D-dimer test, i.e., using a fixed threshold, an age-
adjusted manner, or adjusting D-dimer interpretation to a pretest probability (PTP) of
PE.
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Participant Data; PTP, pretest probability; VTE,

venous thromboembolism. « However, it remains unknown how each diagnostic strategy performs in different
healthcare settings like emergency care, primary healthcare, secondary hospital care,
and inpatient care.

What did the researchers do and find?

o The researchers searched and collected individual patient data (IPD) of existing studies
that can be used to evaluate the performance of diagnostic strategies to exclude the pos-
sibility of PE.

« By analyzing the data of over 35,000 patients suspected of PE from 23 studies, the
researchers validated the performance of diagnostic strategies for suspected PE across
different healthcare settings.

o In healthcare settings with a higher prevalence of PE—compared to those with a lower
prevalence—each diagnostic strategy tended to miss more patients with PE (i.e., less
safe) and identified less patients in whom PE could be ruled out without imaging (i.e.,
less efficient), notably for strategies with a variable D-dimer interpretation.

What do these findings mean?

o The performance of diagnostic strategies varied considerably across different healthcare
settings due to the difference in patient characteristics and prevalence of PE.

o Our findings can be used to choose the optimum diagnostic strategies in each healthcare
setting, balancing the trade-off between decreasing unnecessary imaging studies and
missing patients with PE.

Introduction

Pulmonary embolism (PE) is one of the most difficult diagnoses in clinical medicine, encoun-
tered daily in a variety of healthcare settings [1,2]. Due to potentially fatal consequences of
missing PE [3,4], physicians tend to perform diagnostic imaging tests even when PE is consid-
ered not the most likely diagnosis. Some argue against this low threshold for diagnostic
workup since such overtesting can lead to unnecessary radiation exposure, cost, and potential
adverse events related to the use of contrast media [5]. At the same time, it has been argued
that PE should be suspected more often to prevent potentially life-threatening delay in diagno-
sis [6].

To help physicians with this clinical dilemma, various diagnostic strategies for ruling out
PE have been developed over time, all consisting of a set of clinical variables that are often
combined with a blood test to detect clot degradation, i.e., D-dimer [7,8]. Given the differences
in case mix and underlying prevalence of PE, it is likely that each diagnostic strategy has differ-
ent merits across different healthcare settings [9,10]. Nevertheless, evidence on the perfor-
mance of the currently available diagnostic strategies across different healthcare settings is
limited, notably for settings like primary healthcare or inpatient care.
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Hence, we performed a comprehensive systematic review followed by an individual patient
data (IPD) meta-analysis (MA) to explore the performance of diagnostic strategies for PE
across a variety of healthcare settings. The secondary aim of this study was to investigate the
relationship between PE prevalence and the diagnostic performance measures of each strategy.

Methods

Throughout this paper, we adhere to the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses of Individual Participant Data (PRISMA-IPD) and Preferred Reporting
Items for Systematic Reviews and Meta-Analyses of Diagnostic Test Accuracy (PRISMA-DTA)
guidance on systematic reviews including IPD, where applicable [11,12]. The checklists are
available in Tables A, B, and C in S1 Checklists. Ethical approval including written informed
consent was obtained in each original study, and analyses described in this paper on optimiz-
ing diagnostic strategies for suspected PE were aligned with the informed consent as provided
by individual patients in each study. Therefore, no additional ethical approval was required for
this MA.

Protocol registration

This study was preregistered in the PROSPERO registration (see https://www.crd.york.ac.uk/
prospero ID 89366), and the protocol has been published [13].

Diagnostic strategies under evaluation

Based on a previous systematic review [14] and discussion among experts, we a priori selected
11 existing diagnostic strategies under evaluation. The overview of these index strategies is
shown in Table A in SI Text. The 2 most commonly used clinical decision rules for pretest
probability (PTP) assessment, the Wells and revised Geneva rules [14], are to be combined
with D-dimer testing, with D-dimer interpretations either using a fixed cutoff (using either
qualitative or quantitative D-dimer testing), adjusted to PTP, or adjusted to age [15,16]. The
YEARS algorithm is a simplified version of the Wells rule with PTP-adjusted D-dimer [17].
The Pulmonary Embolism Rule-out Criteria (PERC) algorithm, which comprises 8 clinical
items, was also evaluated [18]. This strategy differs from the other diagnostic strategies as it
was originally developed for excluding PE in patients with a low clinical impression of PE.
Hereto, following earlier studies, the PERC algorithm was validated in combination with (i) a
Wells rule of 4 points or less; or (ii) physician’s gestalt considering PE unlikely (“low gestalt”).
The PERC algorithm could only be evaluated for the settings “self-referral” emergency care
and referred secondary care due to missing information on oxygen saturation in most of the
studies in the other settings.

Study eligibility, identification, and selection

The process of study selection for the IPD-MA was described in detail in the protocol [13]. In
short, to retrieve eligible studies, MEDLINE was first searched from January 1, 1995 to August
25, 2016 (this was recently updated until November 1, 2021). Studies were eligible if they (1)
had a prospective or cross-sectional design and included patients with clinically suspected PE
(in diagnostic research of venous thromboembolism [VTE], prospective cohort studies are
common because VTE is often defined by clinical follow-up in patients whom a PTP of VTE is
deemed unlikely); (2) assessed the variables to validate at least one of the diagnostic strategies
under evaluation; (3) included a clear description of the source of patient enrolment or clinical
healthcare setting; (4) objectively confirmed VTE diagnosis (i.e., PE or deep vein thrombosis)
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with an established reference test method (either imaging [computed tomography pulmonary
angiography (CTPA), ventilation—perfusion lung scan, or digital subtraction angiography] or
clinical follow-up of at least 1 month); and (5) included at least 50 patients with confirmed
VTE. Full-text screening was performed independently by 2 couples of authors (GJG and NK
and FAK and NvE), and 40 potentially eligible papers were identified. With all principal inves-
tigators from these 40 retrieved studies invited, the results of this literature search were dis-
cussed during a meeting at the International Society on Thrombosis and Haemostasis (ISTH)
conference in Berlin in 2017. The search results were complimented by asking those experts in
the field of diagnosing VTE about whether they knew any additional datasets eligible for this
IPD.

Risk of bias assessment across studies

Three pairs of authors (GJG and TT, NvE and NK, and FAK and MAMS), who were not
involved in the original studies, independently assessed each eligible study for potential
sources of bias and applicability concerns using the QUADAS-2 tool [19]. Any disagreements
were solved by discussion within each pair and subsequently between the pairs.

Healthcare settings

We defined the following 4 categories of healthcare settings in which patients suspected of PE
are typically encountered:

i. Self-referral emergency care: Patients typically present themselves without a referral by a
general physician or specialist. This setting is characterized by a (very) low PE prevalence
(i.e., around 5%) among patients with clinically suspected PE and has relatively good access
to additional imaging or laboratory workup. Given that the studies performed in this setting
emphasized on preselection of patients who need to undergo D-dimer testing, thus not
explicitly to evaluate a clinical decision rule for patients with a clear suspicion of PE, we only
validated the PERC algorithm in this setting.

ii. Primary healthcare: Outpatient or community healthcare clinics where patients are investi-
gated by a general practitioner, family doctor, or general internist who needs to decide on
the need for further referral or diagnostic testing, with relatively restricted access to labora-
tory or imaging workup. The PE prevalence is usually low to intermediate (i.e., between 5%
and 15%).

iii. Referred secondary care: In this setting, patients are referred (mostly by general practition-
ers, family doctors, or general internists) based upon a clear clinical suspicion of PE. In
this setting, the PE prevalence in suspected patients is intermediate to relatively high (i.e.,
between 15% and 25%).

iv. Hospitalized or nursing home care: In this setting, patients are either hospitalized or in
nursing homes, reflecting more severe and progressive illness with a high risk of PE. PE
prevalence in the suspected population is typically high (i.e., above 25%).

To categorize each study into 1 of the 4 settings, expert panel members (GJG, FAK, MAMS,
NK, and NVE) independently grouped each study and discussed disagreements until they
reached a consensus. For studies that were performed in more than 1 setting (e.g., including
both outpatients and inpatients), each patient was categorized based on the information pro-
vided by the principal investigators.
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Data collection and harmonization

Principal investigators of eligible studies were asked to provide their original, anonymized
datasets. These datasets were then harmonized by adjusting coding and definition of each vari-
able using a template developed for this IPD-MA; see Table B in S1 Text.

Outcomes

The primary outcomes were diagnostic indices, i.e., failure rate and efficiency of each diagnos-
tic strategy across different healthcare settings. Failure rate, which is a frequently applied mea-
sure for diagnostic safety in the VTE domain, was defined as the proportion of missed PE
patients among those categorized as “PE excluded” by each diagnostic strategy. Efficiency of a
strategy was defined as the proportion of patients categorized by the strategy as “PE excluded”
among all patients. Additionally, we also estimated the traditional diagnostic indices, sensitiv-
ity and specificity.

Missing data

Summary of missing data in each study is shown in Table C in S1 Text. Within each study,
missing values were imputed using multiple imputation techniques with chained equations
with all available variables, except for variables missing in more than 80% of patients in the
study [20]. The detail of imputation procedure is described in S1 Text.

Statistical analyses

The statistical analysis plan is described in detail in S1 Text. To evaluate the diagnostic perfor-
mance of each strategy across different healthcare settings, we used multilevel logistic regres-
sion models [21,22]. In models for failure rate and efficiency, a random effect for the intercept
was applied to account for clustering of observations within studies. In models for sensitivity
and specificity, we used univariate random effects modeling due to nonconvergence issues
encountered in bivarjate random effects modeling [23]. By using these models, the diagnostic
performance measures were estimated with 95% confidence intervals (Cls). In addition,
between-study heterogeneity was assessed by calculating 95% prediction intervals (PIs), which
indicates the performance that can be expected when the diagnostic strategy is applied in a
new study [24]. Forest plots were drawn to visualize the failure rate and efficiency for the dif-
ferent strategies across different healthcare settings. In addition, the range of failure rate and
efficiency of each diagnostic strategy in included studies was visualized with I [25].

Although our primary aim was to evaluate the performance of diagnostic strategies across
different healthcare settings, the categorization of healthcare settings by the expert panel might
still be arbitrary. Therefore, we assessed the relationship between failure rate and efficiency
with underlying PE prevalence in each study as well, as this was deemed one of the most
important distinctive characteristics of different healthcare settings. In accordance with a pre-
vious systematic review [26], log-transformed prevalence was added as a continuous covariable
to the aforementioned multilevel logistic regression models. The relationship between PE
prevalence and failure rate or efficiency of each strategy was plotted to graphically illustrate the
impact of PE prevalence on these outcomes.

Finally, given that the availability of items used in each diagnostic strategy differed across
included studies, the diagnostic performance of each strategy was estimated in different sets of
studies. This inherently makes comparisons of each strategy indirect, and, therefore, we per-
formed additional sensitivity analyses including only studies in which all diagnostic strategies
can be calculated. Such an analysis yields a direct comparison among diagnostic strategies.
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All analyses were performed using R, version 3.6.3 (R foundation for Statistical Computing,
www.R-project.org), particularly using the Ime 4 package.

Results

The systematic literature search identified 3,892 unique studies [13]. After applying the eligi-
bility criteria and scrutinizing original data files and publications, a total of 23 studies were
selected to be included in this IPD-MA for a total of 35,248 unique patients suspected of PE;
see Fig A in S1 Figs. Risk of bias of included studies was generally scored as low; see Fig B in S1
Figs.

Study and patient characteristics

A summary of the included studies is shown in Table D in S1 Text. Studies were published
between 2000 and 2019. A total of 5 studies were conducted in self-referral emergency care
(N'=12,612; mean prevalence 7%), 4 in primary healthcare (N = 3,174; mean prevalence 9%),
14 in referred secondary care (N = 17,052; mean prevalence 20%), and 9 studies included
patients hospitalized or in nursing home (N = 2,410; mean prevalence 24%). Detailed patient
characteristics in each healthcare setting are shown in Table 1.

Accuracy of different diagnostic strategies across healthcare settings

Fig 1 shows the failure rate and efficiency of the diagnostic strategies across healthcare settings.
The range of failure rate and efficiency in the included studies are shown with I” in Fig C in S1
Figs. Sensitivity and specificity of the 11 diagnostic strategies across healthcare settings are
shown in Table 2. All strategies had a sensitivity higher than 90% in all settings (range: 93.3%
to 99.6%), while specificity decreased in healthcare settings with higher PE prevalence (range:
7.9% to 67.4%).

Self-referral emergency care

The PERC algorithm was evaluated in combination with a Wells rule <4 points or “low
gestalt.” Failure rate was 1.12% (95% CI 0.74 to 1.70) for the PERC algorithm combined with a
Wells rule <4 points and 0.90% (95% CI 0.54 to 1.48) for that with “low gestalt.” Efficiency
was higher for the PERC algorithm combined with a Wells rule <4 points (21%) than when
that with “low gestalt” (13%).

Primary healthcare

The failure rate ranged from 0.13% (95% CI 0.03 to 0.62) for the Wells rule with a fixed D-
dimer cutoff to 0.69% (95% CI 0.31 to 1.52) for the Wells rule with a qualitative or fixed D-
dimer cutoff, while efficiency ranged from 38% (95% CI 25 to 52) for the Wells rule with a
fixed D-dimer cutoff to 62% (95% CI 48 to 74) for the Wells rule with PTP-adjusted D-dimer.

Referred secondary care

In general, strategies with PTP-adjusted D-dimer (i.e., YEARS and Wells or revised Geneva
rule combined with PTP-adjusted D-dimer) showed a higher failure rate than the others with-
out overlapping in their 95% ClIs: Failure rate was 2.10% (95% CI 1.59 to 2.75) for YEARS,
3.06% (95% CI 2.47 to 3.78) for the Wells rule with PTP-adjusted D-dimer, and 2.95% (95%
2.34 to 3.71) for the revised Geneva rule with PTP-adjusted D-dimer, respectively. Among the
others, the failure rate ranged from 0.32% (95% CI 0.17 to 0.60) to 1.17% (95% CI 0.79 to

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003905  January 25, 2022 7/17


http://www.r-project.org/
https://doi.org/10.1371/journal.pmed.1003905

Ruling-out pulmonary embolism across different healthcare settings

PLOS MEDICINE

+00¥'S06€001 pawd [eunol/L2¢ L0 1/B1010py/:sdny

“WISOQUIDOQUIOIY) SNOUdA ‘G T A ‘wsioquid Lreuownd ‘g4 syuaned jo roquinu ‘N sisoquioayy urea dosp ‘L AQ

“Apmys yoes uryim uoneindur 19y5e uoniodoxd Suissi,

‘sa[qeLIeA [ed11039)ed 10y (sadejuadiad) sroqunu pue sajqerres snonunuod 10y (auer snrenbisjur) uerpaw axe sanfep

(oott1E (0°008°s (0°00¢T (6'8¢LT (0°000°s (0'8z1‘1 (0°09T1°T (0°000% (0076 (0928 (0°000F (001£
0°009) ‘0°€LST) ‘0'66%) 0°€9¢) 0°00€°T) 0°00€) 0°0£2) ‘GLFIT) 0°042) ‘0°0220) ‘0°LSL) ‘0F%10) (Ju/3u) sowIp
0°TSET 0°S61°C 0°000°T 0°008 00SLT 0909 0°06% 0097 0°0%F 0°0S€ 0ETT 0°87¢ 0'ST - daTRIIUERND)
Hd uey) A1
(€79) (¥'29) (L'1¢) (T'€0) (8'L¥) $s3] stsougerp
09C‘T (sL)sev | (6'7%) TT8 | (S6¥) 689°L 2061 (F9%) L8LS 900°T (¥'€9) 08T | (9'87) 9¢8 S69°C 95¢ (#'17) 6€€°C 0L SATJRUINY
(1°€20) IAd
(92)¥81 | (9°S1) 06 (19) ¥6 (8°2)9¢€T | (¥61)899 | (6F) 899 (88)6Lc | (8L0)6L | (69)00T | (T'8)SEOT SIC (0°2) 028 00 Jo susts [eorurD
(F91)
(181) 9¢¥ | (I'¥20) 6€1 | (T91) L6T | (€01) 6¥L°T | (THI)88% | (€6) 19T | (€8)%9T | (8S1)S¥ | (92)61T | (0'8) €10°T €ST (¥£) 098 00 190Ued JAIDY
(Tv) 101 (6%) 8¢ (0%) €L (8%) LT8 (99) 87C (¥'p) 665 (€p) 8¢€1 (cL)ee (0'%) 911 (60)L9¢ | Lp) ¥ (8'7) €t¢€ 00 sisfydoway
SYoIM >
(eL1) (127 uonezIIqowwI
(0'6€) 176 | (02S) 10€ | (67€) 079 | (T'F1) 66€C | (STO) ¥LL | (6'TT) STOT | (€01)92¢ | (8'T10) 9 | (I'6) #9¢ ¥81°C 7S¢ (§91) T€6°T 00 10 £198mg
(91¢) (9°0€) (€T)
(51€) 8SL | (£5€) ¥0T | (T0€) ¥SS | (9'5T) €85°L 08¢‘1 ($%2) €0T°9 | (£'87) 668 | (7'6€) TIT | (T'LT) L8L 8G8°¢ €6¢ (L°67) S9¥%¢ 00 001< )1 )IedH
(6°01) (597)
(zer)g6T | (s61) €11 | (8'6) 081 | (T'ST)065C | (1£2) €€6 | (TTL) LS9°T | (8'6)CIe | (TTR) €9 | (9'8) 6¥C €LET 9T (9°6) LTI'T 00 LA SnomdIg
(#09) (T'19) (L19) (5°£9) (€°89) (0°69) (1°89)
96¥1 (6°LS) se¢ 121 (T'89) ¥26°6 1841 (8'6S) €V1°8 €HIC (6°6S) 0L1 €L6°T $0L‘8 %S (6°69) €91°8 00 X35 o[eWd]
(069
(Tee (T¥L (012 L1L (092 (0°0L 09 (Lo (Te9 (0709 ‘0'TH) (065
‘0°9%) 0009 | 6°0S) 9°€9 | ‘OFF) S'8S | 0€R) FLS | 00S) T'F9 | TIP) 095 | 8°9€) 0°'IS | ‘OFF) 195 | ‘0°9€) ¥'0S | 0°9¢€) 0°LF 0'SS ‘0°6€) 0'9% 00 (s1eak) 33y
LJuoniodoxd
OIFCT=N | 645=N | I€8T=N | TSOLI=N | THF'€=N | OT9CI =N | PLI'SC=N | ¥8CT=N | 068CT=N | CI9CI=N | 0€6=N | T89IT=N | Suwssiy
ad Pm | 44 noyim 4d P | g moypim Ad PIM | gd Inoym Ad PIM | gd Inoyym
[elo], sjudned sjudned e1o], syuaned syuaned [elo, syuaned sjuaned [eloq, sjuaned sjuaned
axed dwoy Sursanu xo pazifeyrdsopy 313 ATRPU0IIS PIIIJNY Jredyyeay Arewrtig axed £>udrourd [er13J21-J2S

*s3UT)19s 9TLIYI[BIY JUSISJJIP SSOIIE SONSLId)ORIRYD JUdN)ed T d[qe],

8/17

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003905  January 25, 2022


https://doi.org/10.1371/journal.pmed.1003905.t001
https://doi.org/10.1371/journal.pmed.1003905

PLOS MEDICINE Ruling-out pulmonary embolism across different healthcare settings

Diagnostic strategy N Failure rate [95% CI], [95% PI] Efficiency [95% CI], [95% PI]
Self-referral emergency care
PERC + Wells <4 11664 " 1.12[0.74, .70}, [0.63, 2.37] - 21,09 [15.35, 28.20], [8.44, 43.31]
PERC + low gestalt estimate 11664 - 0.90 [0.54, 1.48], [0.35, 2.26] - 13.37 [6.15, 25.88], [1.16, 60.68]
Primary healthcare
Wells + qualiative/fixed cut-off DD 3174 . 069(0.31,1.52), [0.22,2.17) . 42.12(35.09, 49.47), 22.29, 64.76]
Wells + fixed cut-off DD 2181 - 0.13[0.03, 0.62], [0.02, 0.82] - 37.53 [24.83, 52.13), [15.85, 65.46]
Wells + age-adjusted DD 2181 . 047 [0.18, 1.23], [0.13, 1.60] . 4352 [29.14, 59.03], [19.96, 70.31]
Wels + PTP adjusted DD 2181 . 043(0.16, 1.19], 0.12, 1.56] . 61.75(48.33, 73.62), [37.95, 81.07]
YEARS algorithm 2181 . 0.25[0.07, 0.94], [0.05, 1.31] . 54.76 (42,63, 66.37), [33.75, 74.24]
Referred secondary care
PERC + Wells <4 6736 - 6.01[4.09, 8.75), [2.94, 11.87] - 9.85(6.88, 13.89), [3.60, 24.02]
PERG + low gestalt estimate 6736 . 5.37(3.23, 8.81], 2.13, 12.86] . 6.56 2.70, 14.59), [0.49, 43.46]
Wells + qualitative/fixed cut-off DD 15531 - 0.75[0.50, 1.13], [0.31, 1.82] L 29.57 [25.39, 34.12], [14.47, 50.78]
Wells + fixed cut-off DD 15114 - 0.32[0.17, 0.60], [0.12, 0.82] L ] 27.77[23.05, 33.03), [12.46, 50.62]
Wells + age-adjusted DD 15114 [ 0,65[0.43, 0.99], [0.30, 1.39] = 32.91 (27.85, 38.39),[16.25, 55.16]
Wells + PTP adjusted DD 15114 - 3.06 [2.47, 3.78), [1.58, 5.81] - 48.78 [43.64, 53.94, [30.12, 67.77]
Geneva + qualitative/fixed cut-off DD 13245 - 117 [0.79, 1.74], [0.43, 3.18] ™ 30.46 [26.75, 34.44], [17.86, 46.80]
Geneva + fixed cut-off DD 12828 = 0.37(0.19,0.74], 0.12, 1.15] - 28.77 [26.20, 31.48], [20.37, 38.92]
Geneva + age-adjusted DD 12828 - 0.81[0.51, 1.27), [0.31, 2.07] 1 ] 35.25 [32.76, 37.82], [27.20, 44.23]
Geneva + PTP adjusted DD 12828 ] 2.95[2.34, 3.71], [1.50, 5.70] " 43.02 [38.82, 47.31), [28.28, 59.08]
YEARS algorithm 15114 L 3 2.10[1.59, 2.75), [0.93, 4.63] L] 43.38 [38.86, 48.01), [27.43, 60.80]
Hospitalized o nursing home care
Wells + qualitative/fixed cut-off DD 2410 . 2.40[1.11,5.11), [0.77,7.18] . 15.22[12.45, 18.47], [6.64, 30.92]
Wells + fixed cut-off DD 1748 - 1.81[0.66, 4.87], [0.50, 6.31] - 14,88 [11.66, 18.79], [5.95, 32.21]
Wells + age-adjusted DD 1748 . 168 [0.65, 4.25), [0.50, 5.47] . 19.44 [15.58, 23.96], 8.56, 38.04]
1748 . 4.12[2.54, 6.61), [1.83,9.01] - 29.89 [25.27, 34.93), [15.99, 48.69]
1242 - 5.13(2.57,9.93], [1.68, 15.23] . 1833 [15.09, 22.08], 2.82, 31.53]
1142 - 3.45[1.34, 8.56), [0.90, 12.25] . 17.75[14.97, 20.90, [11.66, 26.05]
1142 - 4.65[2.24, 9.40], [1.49, 13.55] . 23.86 [20.58, 27.49), [17.13, 32.20]
Geneva + PTP adjusted DD 1142 . 4.78(2.72,8.27), [1.96, 11.16] . 27.42[23.25, 32.02),[16.19, 42.41]
YEARS algorithm 1748 . 3.40[1.86, 6.10], [1.25, 8.88] . 26.96 [22.88, 31.47), [15.21, 43.07)
0 1 2 3 4 5 6 7 8 9 10 0 10 2 30 0 50 60 70 80
Failure rate Efficiency

Fig 1. Forest plot of failure rate and efficiency of the diagnostic strategies across healthcare settings. CI, confidence interval; (C)PTP, (clinical) pretest probability;
DD, D-dimer; N, number of patients; PERC, Pulmonary Embolism Rule-out Criteria; PI, prediction interval; PTP, pretest probability.

https://doi.org/10.1371/journal.pmed.1003905.9001

1.74). Efficiency of the strategies using PTP-adjusted D-dimer was higher than the others with-
out overlapping in their 95% Cls.

Evaluation of the PERC algorithm in combination with a Wells rule of <4 points yielded a fail-
ure rate of 6.01% (95% CI 4.09 to 8.75) with a corresponding efficiency of 10% (95% CI 7 to 14).

Hospitalized or nursing home care

The failure rate ranged from 1.68% (95% CI 0.65 to 4.25) for the Wells rule with age-adjusted
D-dimer to 5.13% (95% CI 2.57 to 9.93) for the revised Geneva rule with a qualitative or fixed
D-dimer cutoff, while efficiency ranged from 15% (95% CI 12 to 19) for the Wells rule with a
fixed D-dimer cutoff to 30% (95% CI 25 to 35) for the Wells rule with PTP-adjusted D-dimer.
The failure rate of all strategies showed wide overlapping 95% Cls.

Association between PE prevalence and failure rate/efficiency of diagnostic
strategies under evaluation

The relationship between PE prevalence and failure rate or efficiency is visualized in Figs 2 and
3, respectively. In general, as PE prevalence increased, both failure rate and efficiency became
poorer (i.e., higher failure rate and lower efficiency).

Sensitivity analyses allowing direct comparisons

Two sensitivity analyses were performed for direct comparisons. First, we included only
patients in whom all diagnostic strategies can be calculated. Due to the lack of studies allowing
for such a direct comparison of all strategies, we could include only referred secondary care
patients in this sensitivity analysis (N = 6,736). Second, as the PERC algorithm is different
from the other strategies as it is used in only patients with a very low PTP, we have also
included patients in whom all diagnostic strategies except the PERC algorithm can be calcu-
lated (including N = 11,307 in the referred secondary care and N = 1,142 in hospitalized or
nursing home care). In both types of sensitivity analyses, we found very similar inferences
which supported the robustness of the primary analyses; see Figs D and E in S1 Figs.

Discussion

In this large, comprehensive international study including over 35,000 patients suspected of
PE in various healthcare settings, we validated the performance of diagnostic strategies for
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Table 2. Sensitivity and specificity of diagnostic strategies across healthcare settings.

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003905  January 25, 2022

Diagnostic strategy N Sensitivity [95% CI], [95% PI] Specificity [95% CI], [95% PI]

Self-referral emergency care

PERC + Wells <4 11,664 |  95.69 [93.93,96.95], [93.40, | 22.23 [16.36, 29.41], [9.22, 44.27]
97.20]

PERC + low gestalt estimate 11,664 96.94 [95.41, 97.97], [94.93, 14.30 [6.34, 28.19], [1.15, 64.07]
98.17]

Primary healthcare

Wells + qualitative/fixed cutoff DD | 3,174 |  96.39 [85.97, 99.29], [56.48, 49.40 [42.32, 56.50], [29.60,
99.92] 69.39]

Wells + fixed cutoff DD 2,181 99.26 [93.93, 99.91], [91.11, 40.66 [27.61, 55.13], [18.96,
99.94] 66.61]

Wells + age-adjusted DD 2,181 96.84 [89.67, 99.10], [83.64, 47.40 [32.29, 62.99], [24.01,
99.48] 71.96]

Wells + PTP-adjusted DD 2,181 97.11 [92.16, 98.97], [90.81, 67.40 [55.01, 77.79], [46.12,
99.14] 83.38]

YEARS algorithm 2,181 98.20 [92.11, 99.61], [89.47, 60.55 [48.43, 71.52], [39.90,
99.72] 78.06]

Referred secondary care

PERC + Wells <4 6,736 97.56 [96.61, 98.25], [96.33, 12.00 [8.52, 16.62], [4.59, 27.65]
98.39]

PERC + low gestalt estimate 6,736 98.63 [97.86, 99.12], [97.62, 7.85 [3.15, 17.55], [0.54, 49.44]
99.21]

Wells + qualitative/fixed cutoff DD | 15,531 98.38 [95.87, 99.41], [75.51, 36.89 [32.53, 41.47], [20.57,
99.95] 56.78]

Wells + fixed cutoff DD 15,114 | 99.59 [99.10, 99.82], [98.54, 35.21 [30.19, 40.57], [18.21,
99.89] 56.84]

Wells + age-adjusted DD 15,114 98.93 [98.15, 99.39], [96.21, 41.58 [36.42, 46.93], [24.05,
99.71] 61.47]

Wells + PTP-adjusted DD 15,114 93.25 [91.91, 94.38], [90.02, 60.80 [56.24, 65.19], [43.69,
95.48] 75.66]

Geneva + qualitative/fixed cutoff 13,245 97.75 [93.86, 99.27], [64.77, 39.25 [34.57, 44.14], [22.96,

DD 99.96] 58.28]

Geneva + fixed cutoff DD 12,828 99.53 [98.88, 99.80], [97.39, 37.23 [34.00, 40.57], [26.44,
99.92] 49.45]

Geneva + age-adjusted DD 12,828 | 98.51[97.37,99.16], [93.48, 45.27 [42.63, 47.95], [36.72,
99.68] 54.11]

Geneva + PTP-adjusted DD 12,828 94.18 [92.70, 95.38], [89.64, 54.49 [50.82, 58.12], [41.42,
96.81] 66.98]

YEARS algorithm 15,114 96.15 [94.87,97.12], [91.82, 54.39 [49.87, 58.85], [37.97,
98.24] 69.93]

Hospitalized or nursing home care

Wells + qualitative/fixed cutoff DD 2,410 99.04 [96.61, 99.75], [80.90, 20.06 [16.79, 23.78], [9.87, 36.34]
99.98]

Wells + fixed cutoff DD 1,748 99.18 [95.95, 99.84], [94.04, 19.82 [15.94, 24.36], [9.02, 37.87]
99.89]

Wells + age-adjusted DD 1,748 99.07 [97.06, 99.71], [94.98, 26.06 [21.49, 31.19], [13.34,
99.83] 44.47]

Wells + PTP-adjusted DD 1,748 95.64 [92.85, 97.38], [91.68, 39.50 [34.27, 44.98], [24.33,
97.77] 56.96]

Geneva + qualitative/fixed cutoff 1,242 98.54 [95.00, 99.63], [70.64, 25.82 [21.26, 30.97], [13.55,

DD 99.98] 43.45]

Geneva + fixed cutoff DD 1,142 98.58 [93.10, 99.73], [87.20, 24.47 [20.65, 28.74], [15.92,
99.86] 35.64]

(Continued)
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Table 2. (Continued)

Diagnostic strategy N Sensitivity [95% CI], [95% PI] Specificity [95% CI], [95% PI]

Geneva + age-adjusted DD 1,142 97.18 [92.40, 99.00], [85.07, 32.48 [28.25, 37.02], [24.32,
99.54] 41.86]

Geneva + PTP-adjusted DD 1,142 95.73 [92.06, 97.75], [89.78, 37.29 [32.48, 42.36], [25.44,
98.29] 50.87]

YEARS algorithm 1,748 96.94 [94.31, 98.37], [91.93, 35.83 [30.90, 41.08], [21.98,
98.88] 52.48]

CI, confidence interval; DD, D-dimer; N, number of patients; PERC, Pulmonary Embolism Rule-out Criteria; PI,

prediction interval; PTP, pretest probability.

https://doi.org/10.1371/journal.pmed.1003905.t002

suspected PE. We observed that the performance of these strategies varied considerably across
different healthcare settings, likely due to the difference in case mix and (thus) PE prevalence.
Our findings provide strong evidence on the optimum diagnostic strategies for PE suspicion
per care setting, balancing the trade-off between missing PE cases and decreasing unnecessary
referrals or follow-up.

Clinical implications

Our interpretation of the findings is as follows. The PERC algorithm is safe in self-referral
emergency care, allowing to preclude additional testing for PE (notably including D-dimer) in
about 1 in every 5 patients when combined with a low clinical impression of PE being present,
which confirms previous findings [27,28]. In the other settings, as this algorithm appears not
to be safe, the use of a diagnostic strategy followed by D-dimer testing is preferred.

In primary healthcare, strategies with PTP-adjusted D-dimer showed equal safety and
higher efficiency than those with a fixed or age-adjusted D-dimer cutoff, making them overall
an attractive diagnostic strategy. However, in referred secondary care, strategies with PTP-

PERC + Wells <4 Wells + qualitative/fixed cut-off DD Wells + fixed cut-off DD Wells + age-adjusted DD Wells + CPTP adjusted DD
10 1 10 1 10 1 10 1 10
8 8 81 81 8
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Fig 2. The relationship between the prevalence of PE and failure rate of each diagnostic strategy. Gray shaded area shows 95% CI, and light gray shaded area shows
95% PI. CI, confidence interval; (C)PTP, (clinical) pretest probability; DD, D-dimer; PE, pulmonary embolism; PERC, Pulmonary Embolism Rule-out Criteria; PI,

prediction interval; PTP, pretest probability.

https://doi.org/10.1371/journal.pmed.1003905.9002
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Fig 3. The relationship between the prevalence of PE and efficiency of each diagnostic strategy. Gray shaded area shows 95% CI, and light gray shaded area shows
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adjusted D-dimer also had a better efficiency but showed a considerably higher failure rate—
ranging between 2.10% and 3.06%—compared to those with age-adjusted D-dimer, which ran-
ged from 0.65% to 0.81%.
Finally, in hospitalized or nursing home care, the observed failure rate was higher than that
for the other settings, ranging between 1.81% and 5.13%. Moreover, as clearly observed in
wide 95% Cls and PIs, the precision of our inferences was not sufficient to draw firm conclu-

sions in this setting.
When deciding what diagnostic strategy to use, it should be acknowledged that no diagnos-
tic strategy in patients suspected of PE will be completely safe, i.e., yielding a “failure rate” of
0%. In fact, even CTPA, which is used as the “reference standard” for PE in modern clinical
medicine, is not perfectly safe as the cumulative VTE incidence at 3 months after a normal
CTPA—i.e., the “failure rate” of CTPA—was reported to be 1.20% (95% CI 0.48 to 2.60) [29].
Accordingly, it could be argued that any diagnostic strategy with a failure rate around 1% to
2% is as safe as referring all patients for CTPA, and this safety threshold is generally considered
the adequate standard provided by the ISTH. Nevertheless, this safety threshold is dependent
on case mix, exemplified by a higher cumulative VTE incidence at 3 months following a nor-
mal CTPA in patients with a high PTP (6.3%; i.e., patients with risk factors such as cancer, pre-
vious VTE, and immobilization). Thus, the acceptable threshold of a failure rate could be
higher in healthcare settings that include more high-risk patients (i.e., high PE prevalence)
than in those including more low-risk patients (i.e., low PE prevalence). Such a prevalence-

adjusted threshold of failure rate indeed has been proposed by the ISTH [9]. If this was applied
to each healthcare setting in this IPD-MA for illustrative purposes, the acceptable threshold of
failure rate should range between 0.71% and 1.86% in self-referral emergency care, between
0.72% and 1.87% in primary healthcare, between 0.78% and 1.93% in referred secondary care,
and between 0.80% and 1.95% in hospitalized or nursing home care, respectively. In that case,
the optimum strategy (i.e., most efficient strategy with acceptable failure rate) may be the
PERC algorithm in emergency care, a PTP-adjusted D-dimer strategy in primary healthcare,
and an age-adjusted strategy in referred secondary care, while no strategy showed an accept-
able failure rate in hospitalized or nursing home care.

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003905  January 25, 2022
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Nevertheless, as these prevalence-adjusted thresholds are proposed only for planning diag-
nostic studies rather than for the use in clinical practice [9], physicians need to set the accept-
able threshold of failure rate for their own setting and standards and subsequently choose the
optimum diagnostic strategy, likely dictated by clinical context. We believe that our findings
can be used to aid that clinical decision-making, balancing the trade-off between safety and
efficiency, and tailored to the specific setting and case mix where they work and encounter
patients suspected of PE. Furthermore, by combining with various factors (e.g., patient percep-
tions and demands, availability of imaging studies, and benefit/cost associated with different
recommendations) in a clinical setting where it is applied, our findings could be a useful basis
for developing a clinical guideline for the diagnosis of PE.

This large-scale international study included over 35,000 patients suspected of PE, coming
from a variety of healthcare settings. In addition, we used state-of-the-art statistical methods to
quantify diagnostic performance of currently available diagnostic strategies. For full apprecia-
tion, some aspects of this study though need specific attention.

First, the availability of items used in each diagnostic strategy differed across included stud-
ies. As such, in the primary analyses, the diagnostic performance of each strategy was com-
pared in different sets of studies. Accordingly, we added the sensitivity analyses for a direct
comparison of the diagnostic strategies, which yielded very similar results supporting the
robustness of the primary analyses.

Second, although we defined the categorization of healthcare settings through profound
discussion among expert panel members, it could still be arbitrary. Thus, we analyzed the rela-
tionship between failure rate or efficiency and PE prevalence. We found that both failure rate
and efficiency became poorer as PE prevalence increased, which supported the robustness of
our main finding that the performance of each diagnostic strategy became poorer in healthcare
settings with higher PE prevalence.

Third, the YEARS algorithm and the Wells rule with PTP-adjusted D-dimer (PeGED) were
less safe in this IPD-MA than in their original studies [15,17]. In most of the included studies,
the reference standard for PE was a combination of imaging tests and clinical follow-up, with
the decision to refer for imaging guided by the diagnostic strategy under evaluation. However,
diagnostic strategies adapting D-dimer to PTP, such as YEARS and PeGED, are more efficient
than the other strategies. Accordingly, when applying these diagnostic strategies retrospec-
tively in other studies, more patients will have had imaging as the reference standard than clin-
ical follow-up compared to their derivation studies. This approach likely led to the inclusion of
small, possibly insignificant clots in the proportion of missed PE cases among those in whom
PE could be considered excluded based on a negative PTP-adjusted D-dimer strategy. This
hypothesis is supported by data showing that PE detected by the original Wells rule with a
fixed D-dimer cutoff included more subsegmental PE than in those detected by the PTP-
adjusted YEARS algorithm [30]. Unfortunately, detailed information about the localisation
and extent of diagnosed PE was not available in this IPD dataset.

Fourth, as shown in Table D in S1 Text, different types of D-dimer assay were used in the
included studies, which could be a source of between-study heterogeneity. In addition, the per-
formance of diagnostic strategies in each healthcare setting could be affected by the variation
in D-dimer testing (e.g., the skill of laboratory technicians or the timing of the blood test in
relation to patient presentation), which we could not explore in this IPD.

Finally, the studies included in our IPD-MA were conducted between 2000 and 2019. Over
those 20 years, the performance of D-dimer testing and imaging studies has evolved. Hence,
although we consider the trends of failure rate and efficiency of the diagnostic strategies in our
findings to be valid and representative, the validity of our finding in today’s patients should be
interpreted with some caution.
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Conclusions

The performance of available diagnostic strategies for patients with suspected PE varied con-
siderably across different healthcare settings. The findings of this large-scale study indicate
which is the optimum diagnostic strategy for ruling out PE per care setting, balancing the
trade-off between missing PE cases and decreasing unnecessary referrals or follow-up.
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