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Abstract

Background

AU : Pleaseconfirmthatallheadinglevelsarerepresentedcorrectly:The diagnostic assessment of abdominal symptoms in primary care presents a challenge.

Evidence is needed about the positive predictive values (PPVs) of abdominal symptoms for

different cancers and inflammatory bowel disease (IBD).

Methods and findings

Using data from The Health Improvement Network (THIN) in the United Kingdom (2000–

2017), we estimated the PPVs for diagnosis of (i) cancer (overall and for different cancer

sites); (ii) IBD; and (iii) either cancer or IBD in the year post-consultation with each of 6

abdominal symptoms: dysphagia (n = 86,193 patients), abdominal bloating/distension (n =

100,856), change in bowel habit (n = 106,715), rectal bleeding (n = 235,094), dyspepsia (n =

517,326), and abdominal pain (n = 890,490). The median age ranged from 54 (abdominal

pain) to 63 years (dysphagia and change in bowel habit); the ratio of women/men ranged

from 50%/50% (rectal bleeding) to 73%/27% (abdominal bloating/distension). Across all

studied symptoms, the risk of diagnosis of cancer and the risk of diagnosis of IBD were of

similar order of magnitude, particularly in women, and younger men. Estimated PPVs were

greatest for change in bowel habit in men (4.64% cancer and 2.82% IBD) and for rectal

bleeding in women (2.39% cancer and 2.57% IBD) and lowest for dyspepsia (for cancer:

1.41% men and 1.03% women; for IBD: 0.89% men and 1.00% women). Considering PPVs

for specific cancers, change in bowel habit and rectal bleeding had the highest PPVs for

colon and rectal cancer; dysphagia for esophageal cancer; and abdominal bloating/
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distension (in women) for ovarian cancer. The highest PPVs for abdominal pain (either sex)

and abdominal bloating/distension (men only) related to non-abdominal cancer sites. For

the composite outcome of diagnosis of either cancer or IBD, PPVs of rectal bleeding

exceeded the National Institute of Health and Care Excellence (NICE)-recommended spe-

cialist referral threshold of 3% in all age–sex strata, as did PPVs of abdominal pain, change

in bowel habit, and dyspepsia, in those aged 60 years and over. Study limitations include

reliance on accuracy and completeness of coding of symptoms and disease outcomes.

Conclusions

Based on evidence from more than 1.9 million patients presenting in primary care, the find-

ings provide estimated PPVs that could be used to guide specialist referral decisions, con-

sidering the PPVs of common abdominal symptoms for cancer alongside that for IBD and

their composite outcome (cancer or IBD), taking into account the variable PPVs of different

abdominal symptoms for different cancers sites. Jointly assessing the risk of cancer or IBD

can better support decision-making and prompt diagnosis of both conditions, optimising

specialist referrals or investigations, particularly in women.

Author summary

Why was this study done?

• The assessment of patients who present with abdominal symptoms in primary care is

challenging.

• Abdominal symptoms are responsible for about 1 in 10 consultations but can relate to

many underlying pathologies; predictive values for individual diseases are low.

• Prolonged intervals to diagnosis of cancer (often presenting with abdominal symptoms)

and inflammatory bowel disease (IBD) are common and associated with worse patient

outcomes.

• When cancer is suspected in patients with abdominal symptoms, several possible sites

need to be considered, requiring different diagnostic modalities

What did the researchers do and find?

• Using anonymous data from primary care records in the UK, we examined the predic-

tive value of 6 common abdominal symptoms for cancer (overall and for specific cancer

sites) and for IBD.

• Change in bowel habit and rectal bleeding had the highest positive predictive values

(PPVs) for colon and rectal cancer; dysphagia for esophageal cancer; and abdominal

bloating/distension (in women) for ovarian cancer.

• The highest PPVs for abdominal pain (either sex) and abdominal bloating/distension

(men only) related to non-abdominal cancer sites.
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• For diagnosis of either cancer or IBD, the predictive values of rectal bleeding exceeded

guideline-recommended risk thresholds for specialist referral in all age–sex strata, as did

the predictive values of abdominal pain, change in bowel habit, and dyspepsia, in those

aged 60 years and over.

What do these findings mean?

• Specialist referral decisions can be made considering the predictive values of common

abdominal symptoms for cancer alongside that for IBD and the composite outcome of

either cancer or IBD.

• Jointly assessing the risk of cancer or IBD can better support decision-making and

prompt diagnosis of both conditions, enabling specialist referrals or investigations, par-

ticularly of women.

• Investigation strategies and use of diagnostic modalities can be guided by the stratifica-

tion of risk of different abdominal symptoms for different cancers sites.

Introduction

The assessment of new abdominal symptoms in primary care is challenging. About 1 in 10

consulting patients present with at least 1 abdominal symptom (e.g., abdominal pain, change

in bowel habit, and bloating/distension) [1]. This high relative frequency of abdominal symp-

tom presentations is combined with a large range of possible underlying pathologies. In many

cancers, including those typically presenting with abdominal symptoms, prolonged intervals

between the first presentation with relevant symptoms and diagnosis are common and associ-

ated with poorer clinical and patient-reported outcomes [2,3]. Substantial delays in the diagno-

sis of inflammatory bowel disease (IBD) have also been reported [4]. Further, when cancer is

suspected in patients presenting with abdominal symptoms, several cancer sites need to be

considered, although they often have different principal diagnostic modalities (e.g., colorectal

cancer: colonoscopy, pancreatic cancer: abdominal computerised tomography, and ovarian

cancer: transvaginal ultrasound) [1,5].

For symptoms associated with relatively high predictive values for cancer (i.e., >3%), cur-

rent National Institute of Health and Care Excellence (NICE) clinical practice guidelines in

England recommend that general practitioners (GAU : PleasenotethatGPshasbeendefinedasgeneralpractitionersinthesentenceForsymptomsassociatedwithrelatively::::Pleasecheckandcorrectifnecessary:Ps) investigate or refer patients for urgent

specialist assessment through fast track, “two-week-wait” pathways [6]. Prior evidence exam-

ining the predictive value of abdominal symptoms tends to focus on individual cancer sites

considered in isolation, although the same symptom may be associated with different cancer

sites [7]. Further, the spectrum of tumours in patients presenting with abdominal symptoms

includes cancers of organs adjacent to the abdomimanl cavity and of non-abdominal organs

[5]. A single prior study that considered the positive predictive values (PPVs) of abdominal

symptoms for a combined outcome of either cancer or IBD was confined to patients under age

50 years [8], although most patients with cancer are diagnosed in older ages. Both (abdominal

organ) cancers and IBD often present with similar symptoms, both require prompt diagnosis,

and both involve referrals to gastroenterology and colonoscopy services.
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Against this background and given that the diagnostic strategies to investigate suspected can-

cer or IBD in patients presenting with abdominal symptoms typically involve specialist assess-

ment and endoscopic investigation, we aimed to estimate the predictive values of common

abdominal symptom presentations to primary care for (i) cancer; (ii) IBD; and (iii) the compos-

ite outcome of IBD or cancer. We focused in particular on predictive values exceeding the 3%

threshold used by NICE to determine the need for specialist assessment or investigation.

Methods

Study design

We carried out a retrospective population-based cohort study using routinely collected elec-

tronic health record data from The Health Improvement Network (THIN) primary care data-

base between 2000 and 2017. These data include information on patient and consultation

characteristics (including information on symptoms and diagnoses recorded using Read

codes) [9] for patients registered with UK GP practices contributing data to THIN. This

includes 742 practices, covering approximately 6.2% of the UK population, and is considered

to be reasonably representative of the UK population [10]. Previous research has demonstrated

the validity of this source (THIN) for ascertaining new diagnoses of cancer [11–13]. Compre-

hensive Read symptom code lists developed previously were used to identify the 6 abdominal

symptoms of interest (abdominal pain, abdominal bloating/distension, change in bowel habit,

rectal bleeding, dyspepsia, and dysphagia) [14,15].

We derived 6 abdominal symptom cohorts (dysphagia, abdominal bloating/distension,

change in bowel habit, rectal bleeding, dyspepsia, and abdominal pain). How the 6 symptom

cohorts were derived is shown in a flowchart (S1 Diagram), from the initial sample of patients

in THIN in 2000 to 2017 and subsequently excluding patients in a stepwise process to meet the

inclusion criteria.

The inclusion criteria were that patients had to have at least 1 consultation record that

included the abdominal symptom of interest, at age 30 to 99 years, during 2001 to 2016, where

that consultation record also met the following criteria: (i) any consultations in both the previ-

ous and the following year to the consultation of interest would be captured; (ii) both the con-

sultation record of interest and any consultations in the previous or the following year would

be of acceptable recording standards (i.e., occurring during dates where the practice had

passed validation checks and achieved current quality standards [16,17], and the patient had

been registered for at least 6 months); (iii) no records of consultations in the year prior to the

consultation of interest indicated diagnosis of either cancer or IBD.

Within each cohort, for patients with more than 1 eligible consultation for the symptom of

interest, we randomly selected one to be the index consultation. This was to represent better

any new presentations of symptoms in everyday practice (where new here means first consul-

tation for that symptom in at least a year). Patients could have been included in more than 1 of

the 6 symptom cohorts, and, in such cases, the dates of different index symptom consultations

could be different for the same patient. The STrengthening the Reporting of OBservational

studies in Epidemiology (SAU : PleasenotethatSTROBEhasbeendefinedasSTrengtheningtheReportingofOBservationalstudiesinEpidemiologyinthesentenceTheSTrengtheningtheReportingofOBservationalstudiesinEpidemiologyðSTROBEÞreportingguidelineschecklistfor::::Pleasecheckandcorrectifnecessary:TROBE) reporting guidelines checklist for cohort studies is

included as a Supporting information file (S1 Text).

Exposures, outcomes, and other covariates

Exposures comprised each of the 6 abdominal symptoms. The 3 principal outcomes were (i)

diagnosis of cancer; (ii) diagnosis of IBD; (iii) diagnosis of either cancer or IBD, in the year fol-

lowing the index symptom date. We considered cancer overall (i.e., any cancer site), but also

by specific site. Cancer sites examined included common cancers of abdominal or adjacent
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organs deemed most relevant to the studied 6 symptoms (i.e., colon, rectal, esophageal, stomach,

pancreatic, ovarian, uterine, and renal cancer). For completeness, we also considered sarcoma

and lymphoma as cancers with possible intra-abdominal manifestations (therefore possibly pre-

senting with abdominal symptom) and a heterogeneous “other cancer” group (i.e., comprising

cancers whose presenting symptoms typically exclude the studied abdominal symptoms, includ-

ing bladder, breast, cervical, laryngeal, lung, melanoma, multiple myeloma, prostate, testicular,

thyroid, vaginal, and vulval cancer). Both cancer and IBD were identified using Read code lists

that have been previously developed [15]. Other covariates were sex and age group (30 to 39, 40

to 49, 50 to 59, 60 to 69, 70 to 79, and 80+ years) at the time of index symptom.

Statistical analysis

We calculated the PPVs of cancer, IBD, and either cancer or IBD, respectively, in the year fol-

lowing the index consultation (equal to the proportions of patients who were diagnosed with

cancer, IBD, and either cancer or IBD). We first estimated PPVs for each of the symptoms

considered in isolation and then in combination with each of the other 5 abdominal symptoms

if they had been recorded in consultations in the previous year, up to and including during the

index symptom consultation. To achieve a greater understanding of the risks of different types

of cancer, we additionally calculated PPVs for each of the cancer sites described above.

Concordant with prior evidence and guideline recommendations, we estimated all PPVs

for men and women separately [6] and then by age group [18–22]. To avoid presenting small

numbers and PPVs with wide confidence intervals (CIs), for cancer-specific PPVs, we present

PPVs by age group and sex for colon, rectal, esophageal, and non-abdominal cancer only. The

preliminary analysis plan is included as a Supporting information file (S2 Text). These analy-

ses were carried out as planned, with 1 set of post hoc analyses: To provide additional context

of the 12-month risk of cancer and IBD associated with presentation with each of the studied

symptoms, we estimated the number of cases of cancer and IBD that would have been

expected in each symptom cohort given the age-specific incidence of cancer, and IBD, using

population-based sources for incidence and population estimates [23–25].

We analysed the data using Stata version 15.1 [26].

Approvals

The data provider (IQVIA) obtained overall ethical approval for the use of THIN in scientific

research from the South East Medical Research Ethics Committee (MREC/03/01/073), and

this study was further approved by the THIN Scientific Review Committee (18THIN069).

Results

Study population and patient characteristics

During 2000 to 2017, 16,421,201 patients consulted at least once (for any reason) in the 742

general practices included in THIN (S1 Diagram). After exclusions, the number of patients

with at least 1 consultation with a relevant symptom during 2001 to 2016 was 102,785 for

abdominal bloating/distension, 909,451 for abdominal pain, 108,698 for change in bowel

habit, 528,428 for dyspepsia, 87,971 for dysphagia, and 240,253 for rectal bleeding (S1 Dia-

gram). Across the 6 symptom cohorts, between 86,193 and 890,490 patients had at least 1 con-

sultation for the relevant symptom, which was not preceded by consultations for the same

symptom, cancer, or IBD in the previous year.

Table 1 describes the composition of the 6 symptom cohorts by patient characteristic.

Except for rectal bleeding, there was a preponderance of women across the cohorts, ranging
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from 118,371 (50%) for rectal bleeding to 73,583 (73%) for abdominal bloating/distension.

The median age at the time of the index consultation ranged from 52 years in the abdominal

pain cohort to 63 years in the change in bowel habit and dysphagia cohorts. For abdominal

pain, change in bowel habit, dyspepsia, dysphagia, and rectal bleeding, a large majority (87%

to 99%) of patients had a single abdominal symptom recorded at their index consultation, and,

typically (75% to 92%), without any previous consultations for the other studied abdominal

symptoms in the previous year. A contrasting pattern was observed for abdominal bloating/

distension, where 66% of all patients had at least another abdominal symptom recorded at

their index consultation, while 75% had at least another abdominal symptom recorded either

at the index consultation or in the previous year (most frequently for dyspepsia).

Positive predictive values of the studied abdominal symptoms

The number of new diagnoses of cancer and new diagnoses of IBD observed in each cohort,

together with PPVs for cancer, are presented in Table 2. Overall, the number of patients diag-

nosed with any cancer and those diagnosed with IBD was of similar order of magnitude,

Table 1. Characteristics of patients per symptom cohort at time of index symptom, n (%).

Demographic and clinical variables Abdominal

bloating/

distension n/(%)

Abdominal pain

n/(%)

Change in bowel

habit n/(%)

Dyspepsia n/(%) Dysphagia n/(%) Rectal bleeding n/

(%)

Total 100,856 (100.0) 890,490 (100.0) 106,715 (100.0) 517,326 (100.0) 86,193 (100.0) 235,094 (100.0)

Sex

Female 73,583 (73.0) 561,373 (63.0) 61,476 (57.6) 300,053 (58.0) 48,759 (56.6) 118,371 (50.4)

Age (years)

MAU : PleasenotethatasperPLOSstyle; italicsshouldnotbeusedforemphasis:edian (IQR) 53 (43–66) 52 (41–66) 63 (52–73) 56 (44–68) 63 (51–75) 56 (46–69)

Age group (years)

30–39 17,709 (17.6) 198,916 (22.3) 6,666 (6.2) 79,425 (15.4) 6,988 (8.1) 39,042 (16.6)

40–49 23,915 (23.7) 198,502 (22.3) 14,596 (13.7) 105,389 (20.4) 12,705 (14.7) 47,676 (20.3)

50–59 21,124 (20.9) 173,876 (19.5) 23,103 (21.6) 108,031 (20.9) 16,496 (19.1) 48,879 (20.8)

60–69 18,029 (17.9) 152,039 (17.1) 26,165 (24.5) 108,086 (20.9) 18,372 (21.3) 44,231 (18.8)

70–79 13,354 (13.2) 109,848 (12.3) 23,489 (22.0) 78,729 (15.2) 17,566 (20.4) 34,472 (14.7)

80+ 6,725 (6.7) 57,309 (6.4) 12,696 (11.9) 37,666 (7.3) 14,066 (16.3) 20,794 (8.8)

Number of abdominal symptoms at index
�

1 31,948 (31.7) 881,099 (98.9) 102,613 (96.2) 452,348 (87.4) 84,259 (97.8) 229,746 (97.7)

2 66,154 (65.6) 8,156 (0.9) 3,552 (3.3) 62,917 (12.2) 1,812 (2.1) 4,942 (2.1)

3+ 2,754 (2.7) 1,235 (0.1) 550 (0.5) 2,061 (0.4) 122 (0.1) 406 (0.2)

Other abdominal symptoms
��

None 24,899 (24.7) 819,828 (92.1) 86,118 (80.7) 389,398 (75.3) 71,515 (83.0) 202,794 (86.3)

Any 75,957 (75.3) 70,662 (7.9) 20,597 (19.3) 127,928 (24.7) 14,678 (17.0) 32,300 (13.7)

Bloating/distension 10,572 (1.2) 1,715 (1.6) 60,690 (11.7) 852 (1.0) 2,029 (0.9)

Pain 16,650 (16.5) 12,701 (11.9) 59,594 (11.5) 7,463 (8.7) 20,537 (8.7)

Change in bowel habit 1,418 (1.4) 7,399 (0.8) 4,163 (0.8) 714 (0.8) 3,056 (1.3)

Dyspepsia 70,679 (70.1) 44,309 (5.0) 6,068 (5.7) 6,753 (7.8) 10,286 (4.4)

Dysphagia 759 (0.8) 4,552 (0.5) 793 (0.7) 9,356 (1.8) 1,361 (0.6)

Rectal bleeding 1,941 (1.9) 13,565 (1.5) 3,307 (3.1) 8,022 (1.6) 1,336 (1.6)

� Number of symptoms recorded simultaneously on index date.

�� Symptoms recorded in the same consultations or up to a year prior. Note that patients can have multiple abdominal symptoms in the previous year, and, therefore, %

s may not add to 100.

https://doi.org/10.1371/journal.pmed.1003708.t001
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Table 2. Number of incident cases and PPVs (95% CIs) for cancer and for IBD in the year following each abdominal symptom, considering each symptom regard-

less of other symptoms, or in 2-way combinations with the other examined symptoms�.

Symptom cohort

Pairwise symptom combinations (recorded in the

same consultation or up to a year prior)

Men Women

Cancer IBD Cancer IBD

n PPV

(%)

(95% CI) n PPV

(%)

(95% CI) n PPV

(%)

(95% CI) n PPV

(%)

(95% CI)

Abdominal bloating/distension 450 1.65 (1.50,

1.80)

296 1.09 (0.96,

1.21)

982 1.33 (1.25,

1.42)

733 1.00 (0.92,

1.07)

Combined with the following:

Abdominal pain 110 2.53 (2.06,

2.99)

71 1.63 (1.25,

2.01)

207 1.68 (1.46,

1.91)

196 1.59 (1.37,

1.82)

Change in bowel habit 10 2.21 (0.85,

3.56)

7 1.55 (0.41,

2.68)

24 2.49 (1.50,

3.47)

14 1.45 (0.70,

2.21)

Dyspepsia 271 1.45 (1.27,

1.62)

186 0.99 (0.85,

1.13)

547 1.05 (0.97,

1.14)

485 0.93 (0.85,

1.02)

Dysphagia 9 3.91 (1.41,

6.42)

<5 <2.17 6 1.13 (0.23,

2.04)

8 1.51 (0.47,

2.55)

Rectal bleeding 16 2.43 (1.25,

3.60)

20 3.03 (1.73,

4.34)

21 1.64 (0.94,

2.33)

33 2.57 (1.71,

3.44)

Abdominal pain 5,841 1.77 (1.73,

1.82)

3,842 1.17 (1.13,

1.20)

6,749 1.20 (1.17,

1.23)

6,544 1.17 (1.14,

1.19)

Combined with the following:

Abdominal bloating/distension 81 2.86 (2.24,

3.47)

34 1.20 (0.80,

1.60)

144 1.86 (1.56,

2.16)

104 1.34 (1.09,

1.60)

Change in bowel habit 130 4.64 (3.86,

5.42)

84 3.00 (2.37,

3.63)

123 2.68 (2.21,

3.14)

120 2.61 (2.15,

3.07)

Dyspepsia 337 2.02 (1.81,

2.23)

208 1.25 (1.08,

1.41)

426 1.54 (1.40,

1.69)

359 1.30 (1.17,

1.43)

Dysphagia 52 3.15 (2.31,

4.00)

26 1.58 (0.98,

2.18)

65 2.24 (1.70,

2.78)

56 1.93 (1.43,

2.43)

Rectal bleeding 176 3.02 (2.58,

3.46)

215 3.69 (3.21,

4.18)

157 2.03 (1.71,

2.34)

227 2.93 (2.56,

3.31)

Change in bowel habit 2,101 4.64 (4.45,

4.84)

1,278 2.82 (2.67,

2.98)

1,471 2.39 (2.27,

2.51)

1,581 2.57 (2.45,

2.70)

Combined with the following:

Abdominal bloating/distension 16 3.29 (1.71,

4.88)

11 2.26 (0.94,

3.59)

26 2.12 (1.31,

2.92)

29 2.36 (1.51,

3.21)

Abdominal pain 211 4.78 (4.15,

5.41)

111 2.51 (2.05,

2.97)

174 2.10 (1.79,

2.41)

209 2.52 (2.19,

2.86)

Dyspepsia 66 2.95 (2.25,

3.65)

52 2.32 (1.70,

2.95)

73 1.91 (1.47,

2.34)

112 2.92 (2.39,

3.46)

Dysphagia 14 4.46 (2.18,

6.74)

10 3.18 (1.24,

5.13)

9 1.88 (0.66,

3.09)

14 2.92 (1.41,

4.43)

Rectal bleeding 121 8.46 (7.01,

9.90)

93 6.50 (5.22,

7.78)

98 5.22 (4.22,

6.23)

92 4.90 (3.93,

5.88)

Dyspepsia (any) 3,072 1.41 (1.36,

1.46)

1,941 0.89 (0.85,

0.93)

3,091 1.03 (0.99,

1.07)

2,998 1.00 (0.96,

1.03)

Combined with the following:

Abdominal bloating/distension 232 1.48 (1.29,

1.67)

164 1.04 (0.89,

1.20)

495 1.10 (1.00,

1.20)

414 0.92 (0.83,

1.01)

Abdominal pain 363 1.67 (1.50,

1.84)

272 1.25 (1.10,

1.40)

439 1.16 (1.05,

1.27)

492 1.30 (1.19,

1.41)

Change in bowel habit 35 2.16 (1.46,

2.87)

29 1.79 (1.15,

2.44)

29 1.14 (0.73,

1.55)

56 2.20 (1.63,

2.77)

(Continued)

PLOS MEDICINE Predictive values of abdominal symptoms for cancer and inflammatory bowel disease: A cohort study

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003708 August 2, 2021 7 / 20

https://doi.org/10.1371/journal.pmed.1003708


although in men, PPVs for cancer were higher than those for IBD for all abdominal symptoms

(e.g., abdominal pain: 1.77% versus 1.17%; Table 2). IAU : PleasecheckwhethertheeditstothesentenceIncontrast; inwomen; theriskofcancer:::arecorrect; andprovidecorrectwordingifnecessary:n contrast, in women, the risk of cancer

and IBD tended to be similar; further, for change in bowel habit and for rectal bleeding, the

risk of IBD exceeded that for cancer.

Across the 6 symptom cohorts, 1.41% (95% CI: 1.36% to 1.46%) to 4.64% (4.45% to 4.84%)

of men and 1.03% (0.99% to 1.07%) to 2.46% (2.37% to 2.55%) of women were diagnosed with

cancer in the year following their index presentation. For each studied abdominal symptom,

PPVs for cancer were higher in men than in women. Change in bowel habit, dysphagia, and

rectal bleeding were the 3 symptoms with relatively higher PPVs for cancer (men: 4.68%,

4.28%, and 3.20%, respectively, and women: 2.57%, 2.13%, and 2.46%, respectively).

Table 2. (Continued)

Symptom cohort

Pairwise symptom combinations (recorded in the

same consultation or up to a year prior)

Men Women

Cancer IBD Cancer IBD

n PPV

(%)

(95% CI) n PPV

(%)

(95% CI) n PPV

(%)

(95% CI) n PPV

(%)

(95% CI)

Dysphagia 106 2.31 (1.88,

2.75)

37 0.81 (0.55,

1.07)

83 1.74 (1.37,

2.11)

53 1.11 (0.81,

1.41)

Rectal bleeding 63 1.63 (1.23,

2.03)

78 2.02 (1.58,

2.47)

72 1.73 (1.33,

2.13)

89 2.14 (1.70,

2.58)

Dysphagia 1,601 4.28 (4.07,

4.48)

282 0.75 (0.67,

0.84)

1,041 2.13 (2.01,

2.26)

441 0.90 (0.82,

0.99)

Combined with the following:

Abdominal bloating/distension 5 2.25 (0.30,

4.20)

<5 <2.32 10 1.59 (0.61,

2.56)

<5 <0.78

Change in bowel habit 123 5.10 (4.22,

5.98)

30 1.24 (0.80,

1.69)

101 2.00 (1.61,

2.39)

71 1.41 (1.08,

1.73)

Dyspepsia 15 5.36 (2.72,

7.99)

<5 <1.83 11 2.53 (1.06,

4.01)

5 1.15 (0.15,

2.16)

Dysphagia 149 5.69 (4.80,

6.57)

18 0.69 (0.37,

1.00)

98 2.37 (1.91,

2.84)

35 0.85 (0.57,

1.13)

Rectal bleeding 25 4.07 (2.50,

5.63)

11 1.79 (0.74,

2.84)

15 2.08 (1.04,

3.12)

11 1.53 (0.63,

2.42)

Rectal bleeding 3,730 3.20 (3.09,

3.30)

3,080 2.64 (2.55,

2.73)

2,911 2.46 (2.37,

2.55)

3,271 2.76 (2.67,

2.86)

Combined with the following:

Abdominal bloating/distension 18 2.97 (1.62,

4.32)

22 3.63 (2.14,

5.12)

29 2.04 (1.30,

2.77)

40 2.81 (1.95,

3.67)

Abdominal pain 225 2.94 (2.56,

3.32)

192 2.51 (2.16,

2.86)

255 1.98 (1.74,

2.22)

367 2.85 (2.56,

3.14)

Change in bowel habit 94 7.11 (5.73,

8.50)

82 6.20 (4.90,

7.50)

98 5.65 (4.56,

6.74)

108 6.23 (5.09,

7.37)

Dyspepsia 113 2.45 (2.01,

2.90)

107 2.32 (1.89,

2.76)

102 1.80 (1.45,

2.14)

151 2.66 (2.24,

3.08)

Dysphagia 13 2.18 (1.01,

3.36)

12 2.02 (0.89,

3.15)

21 2.74 (1.59,

3.90)

25 3.26 (2.01,

4.52)

Counts of cancer <5 or of IBD <5 in Table 2 are not presented, in compliance with reporting standards for minimising disclosivity risk.

� The number of patients with both cancer and IBD in the year following the index abdominal symptom (regardless of prior symptoms) ranged from 7 (men with

abdominal bloating/distension or dysphagia) to 95 (women with abdominal pain). See Table 3 for numbers and PPVs for the composite outcome of either cancer or

IBD.

CAU : AbbreviationlistshavebeencompiledforthoseusedthroughoutTables2 � 5:Pleaseverifythatallentriesarecorrect:I, confidence interval; IBD, inflammatory bowel disease; PPV, positive predictive value.

https://doi.org/10.1371/journal.pmed.1003708.t002
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Risks (for both cancer and IBD) were influenced by whether a symptom was recorded “in

combination” with other abdominal symptoms (either at the same consultation or during

another consultation in the preceding 12 months; Table 2). For example, abdominal bloating/

distension in men had a PPV for cancer of 1.65% (95% CI: 1.50% to 1.80%), increasing to

2.53% (2.06% to 2.99%) when combined with abdominal pain. In both sexes, PPVs increased

notably if the index symptom was combined with change in bowel habit (among those present-

ing with any of the other 5 symptoms) or if combined with rectal bleeding (among those pre-

senting with abdominal bloating/distension and change in bowel habit). Consequently, the

highest PPVs were seen among those presenting with change in bowel habit combined with

rectal bleeding or vice versa; in these strata, the risk of cancer or IBD ranged between 5% and

8% in the year following the index consultation. Among the patients subsequently diagnosed

with cancer, the percentage of those with more than 1 symptom recorded in the same consul-

tation or the following year was greatest for abdominal bloating/distension (56%) and dyspep-

sia (13%), with smaller respective percentages for change in bowel habit (5%) and rectal

bleeding, dysphagia, and abdominal pain (2% for all 3).

Considering the composite outcome of either cancer or IBD across the 6 symptom cohorts,

PPVs ranged from 2.29% (2.23% to 2.36%) to 7.41% (7.17% to 7.65%) in men and from 2.02%

(95% CI: 1.97% to 2.07%) to 5.18% (5.05% to 5.30%) in women (Table 3). Both men and

women presenting with change in bowel habit, dysphagia, or rectal bleeding had PPVs for

either cancer or IBD exceeding 3%.

PPVs for cancer by sex–age group are shown in Fig 1 (see S1 Table for exact values). Those

increased with age, particularly in men presenting with change in bowel habit, dysphagia, and

rectal bleeding. Although PPVs for cancer were similar between men and women in younger

age groups, PPVs among those aged 60 years or over were higher in men.

In contrast to PPVs for cancer, those for IBD remained similar across age groups (Fig 2; see

S1 Table for exact values) and exceeded PPVs for cancer in younger age groups (30 to 39 and

40 to 49 years; Figs 1 and 2).

Considering the composite outcome of either cancer or IBD, the PPVs of dysphagia and

rectal bleeding exceeded 3% across all age groups (Fig 3; see S2 Table for exact values), while

those of abdominal pain, change in bowel habit, and dyspepsia exceeded 3% in patients aged

60 years or older.

Table 4 contextualises the number of observed cases of cancer and IBD compared with the

number of cases that would have been expected by applying the 12-month general population

incidence of these outcomes on the age and sex structure of the population of patients present-

ing with each symptom in our study.

Table 5 displays PPVs for specific cancer sites, noting that the sum of PPVs across each row

slightly exceeds the all-cancer PPVs reported in Table 2, as among the cohorts between 42 and

274 patients (0.02% to 0.16% of the cohorts or 1.9% to 4.8% of those diagnosed with any can-

cer) were diagnosed with more than 1 cancer type.

For change in bowel habit and rectal bleeding, the all-cancer PPVs in men (4.64% and

3.20%, respectively) were accounted for principally by colon (1.80% and 1.15%) and rectal can-

cers (1.84% and 1.24%), with similar patterns in women. Similarly, for dysphagia, the all-can-

cer PPV (4.28% in men and 2.13% in women) was principally accounted for by esophageal

cancer (2.74% and 1.06%, respectively). For abdominal bloating/distension in women (all-can-

cer PPV: 1.33%), the PPV was highest for ovarian cancer (0.54%). Abdominal pain (all-cancer

PPV of 1.77% in men and 1.20% in women) and dyspepsia (all-cancer PPV of 1.41% in men

and 1.03% in women) had relatively low PPVs, which was accounted for by a broader range of

cancer sites. The number of incident cases of cancer and PPVs for cancer (specific to colon,

rectal, esophageal, and other cancers, stratified by age groups) are provided in S3 Table.
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Table 3. Numbers of incident cases and PPVs (95% CIs) for the composite outcome of either cancer or IBD in the year following each abdominal symptom.

Men Women

Number diagnosed with either cancer

or IBD

PPV (%) (95% CI) Number diagnosed with either cancer

or IBD

PPV (%) (95% CI)

Abdominal bloating/

distension

739 2.71 (2.52, 2.90) 1,707 2.32 (2.21, 2.43)

Combined with the

following:

Abdominal pain 180 4.13 (3.54, 4.72) 401 3.26 (2.95, 3.58)

Change in bowel habit 17 3.75 (2.00, 5.50) 37 3.83 (2.62, 5.05)

Dyspepsia 453 2.42 (2.20, 2.64) 1,028 1.98 (1.86, 2.10)

Dysphagia <14 <6.09 14 2.65 (1.28, 4.01)

Rectal bleeding 35 5.31 (3.60, 7.02) 54 4.21 (3.11, 5.31)

Abdominal pain 9,607 2.92 (2.86, 2.98) 13,198 2.35 (2.31, 2.39)

Combined with the

following:

Abdominal bloating/

distension

115 4.05 (3.33, 4.78) 247 3.19 (2.80, 3.59)

Change in bowel habit 212 7.57 (6.59, 8.55) 241 5.24 (4.60, 5.89)

Dyspepsia 542 3.25 (2.98, 3.52) 780 2.82 (2.63, 3.02)

Dysphagia 78 4.73 (3.71, 5.75) 120 4.13 (3.41, 4.86)

Rectal bleeding 390 6.70 (6.06, 7.34) 381 4.92 (4.44, 5.40)

Change in bowel habit 3,353 7.41 (7.17, 7.65) 3,015 4.90 (4.73, 5.08)

Combined with the

following:

Abdominal bloating/

distension

27 5.56 (3.52, 7.59) 53 4.31 (3.18, 5.45)

Abdominal pain 321 7.27 (6.50, 8.03) 379 4.58 (4.13, 5.03)

Dyspepsia 118 5.27 (4.35, 6.20) 179 4.67 (4.01, 5.34)

Dysphagia 23 7.32 (4.44, 10.21) 22 4.59 (2.72, 6.47)

Rectal bleeding 212 14.81 (12.97,

16.66)

188 10.02 (8.66, 11.38)

Dyspepsia 4,983 2.29 (2.23, 2.36) 6,063 2.02 (1.97, 2.07)

Combined with the

following:

Abdominal bloating/

distension

393 2.50 (2.26, 2.75) 905 2.01 (1.88, 2.14)

Abdominal pain 632 2.90 (2.68, 3.13) 927 2.45 (2.29, 2.61)

Change in bowel habit 63 3.90 (2.95, 4.84) 85 3.34 (2.64, 4.04)

Dysphagia 142 3.10 (2.60, 3.60) 136 2.85 (2.38, 3.32)

Rectal bleeding 141 3.65 (3.06, 4.25) 160 3.84 (3.26, 4.43)

Dysphagia 1,874 5.01 (4.79, 5.23) 1,474 3.02 (2.87, 3.18)

Combined with the

following:

Abdominal bloating/

distension

<10 <4.50 <15 <2.38

Change in bowel habit 150 6.22 (5.26, 7.19) 171 3.38 (2.89, 3.88)

Dyspepsia <20 <7.14 16 3.69 (1.91, 5.46)

Dysphagia 167 6.37 (5.44, 7.31) 132 3.19 (2.66, 3.73)

Rectal bleeding 36 5.85 (4.00, 7.71) 26 3.61 (2.25, 4.97)

Rectal bleeding 6,768 5.80 (5.66, 5.93) 6,128 5.18 (5.05, 5.30)

(Continued)

PLOS MEDICINE Predictive values of abdominal symptoms for cancer and inflammatory bowel disease: A cohort study

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003708 August 2, 2021 10 / 20

https://doi.org/10.1371/journal.pmed.1003708


Among cancer cases, the relative distribution of different cancer sites by symptom cohort

(i.e., the cancer site case mix of each symptom cohort among diagnosed cases) is depicted in

S1 Fig. Cancer cases diagnosed after presentation with either change in bowel habit or rectal

bleeding were most likely diagnosed with colon and rectal cancer, whereas after presentation

with dysphagia, esophageal was the most likely cancer diagnosis, noting, however, that across

all 6 symptoms, a substantial minority of patients were diagnosed with “other” cancers.

Table 3. (Continued)

Men Women

Number diagnosed with either cancer

or IBD

PPV (%) (95% CI) Number diagnosed with either cancer

or IBD

PPV (%) (95% CI)

Combined with the

following:

Abdominal bloating/

distension

39 6.44 (4.48, 8.39) 69 4.85 (3.73, 5.96)

Abdominal pain 414 5.41 (4.90, 5.92) 614 4.77 (4.40, 5.13)

Change in bowel habit 176 13.31 (11.48,

15.14)

204 11.76 (10.25,

13.28)

Dyspepsia 218 4.74 (4.12, 5.35) 251 4.42 (3.88, 4.95)

Dysphagia 25 4.20 (2.59, 5.81) 46 6.01 (4.32, 7.69)

Total counts of cancer or IBD, where counts of cancer <5 or of IBD <5 in Table 2, are not presented here (in Table 3) in compliance with reporting standards for

minimising disclosivity risk.

CI, confidence interval; IBD, inflammatory bowel disease; PPV, positive predictive value.

https://doi.org/10.1371/journal.pmed.1003708.t003

Fig 1. PPVs (%, y axis) for cancer in the year post-presentation, per symptom, by sex (left/right panels) and age

group (x axis). Exact values from this figure are provided in S1 Table. PAU : AbbreviationlistshavebeencompiledforthoseusedthroughoutFigs1 � 3:Pleaseverifythatallentriesarecorrect:PV, positive predictive value.

https://doi.org/10.1371/journal.pmed.1003708.g001
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Fig 2. PPVs (%, y axis) for IBD in the year post-presentation, per symptom, by sex (left/right panels) and age

group (x axis). Exact values are provided in S1 Table. IBD, inflammatory bowel disease; PPV, positive predictive value.

https://doi.org/10.1371/journal.pmed.1003708.g002

Fig 3. PPVs (%, y axis) for the composite of either cancer or IBD in the year post-presentation, per type of

symptom, by sex (left/right panels) and age group (x axis). Exact values are provided in S2 Table. IBD, inflammatory

bowel disease; PPV, positive predictive value.

https://doi.org/10.1371/journal.pmed.1003708.g003
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Considering patients diagnosed with either cancer or IBD, IBD contributed between 41% and

48% of all such cases for the 5 studied symptoms other than dysphagia, for which IBD was

diagnosed in 21% (S2 Fig).

Discussion

Summary of findings

We estimated PPVs for cancer (overall, and of specific organs), for IBD, and for the composite

outcome of either cancer or IBD, following a presentation to primary care with specific

abdominal symptoms, by sex, age, and combination of symptoms. PPVs for cancer were

higher in men and older patients and in those presenting with change in bowel habit, dyspha-

gia, or rectal bleeding. Cancer risk following change in bowel habit and rectal bleeding was

mostly accounted for by colon and rectal cancer, while cancer risk following dysphagia was

mostly accounted for by esophageal cancer; in women, cancer risk following abdominal dis-

tension/bloating was mostly accounted for by ovarian cancer. In men, cancer was more likely

than IBD across all abdominal symptoms, while in women, IBD tended to be as or more likely

than cancer. For the composite outcome of diagnosis of either cancer or IBD, PPVs of rectal

bleeding exceeded the NICE-recommended specialist referral threshold of 3% in all ages and

both sexes, as did PPVs of abdominal pain, change in bowel habit, and dyspepsia, in patients

aged 60 years and over.

Table 4. AU : PleasecheckandconfirmifTable4ispresentedcorrectly:Illustration of additional cases of cancer and IBD following presentation with each studied symptom above what would be expected by the 12-month gen-

eral population incidence, as applied to the age and sex composition of our study population.

Cancer IBD

Men Women Persons

Observed Expected� Additional Observed Expected� Additional Observed Expected� Additional

Abdominal bloating/distension 450 402 48 982 692 290 1,029 28.7 1,000

Per 1,000 patients�� 16.5 14.7 1.8 13.3 9.4 3.9 10.2 0.3 9.9

Abdominal pain 5,841 4,282 1,559 6,749 5,082 1,667 10,386 257 10,129.3

Per 1,000 patients�� 17.7 13.0 4.7 20.9 15.7 5.2 12 0.3 11.4

Change in bowel habit 2,101 879 1,222 1,471 838 633 2,859 29.5 2,829.5

Per 1,000 patients�� 46.4 19.4 27.0 34.1 19.4 14.7 27 0.3 26.5

Dyspepsia 3,072 3,005 67 3,091 3,256 −165 4,939 146 4,792.5

Per 1,000 patients�� 14.1 13.8 0.3 14.4 15.2 −0.8 10 0.3 9.3

Dysphagia 1,601 737 864 1,041 696 345 723 23.9 699.1

Per 1,000 patients�� 42.8 19.7 23.1 29.1 19.4 9.6 8 0.3 8.1

Rectal bleeding 3,730 1,567 2,163 2,911 1,341 1,570 6,351 66.8 6,284.2

Per 1,000 patients�� 32.0 13.4 18.5 25.8 11.9 13.9 27 0.3 26.7

As an example, 43 out of 1,000 men presenting with dysphagia would be diagnosed with cancer in the following year given the observed findings (see super-row 4,

column 2). The corresponding number of cancer cases expected by applying the general age-specific population incidence would have been 20 (column 3). Therefore,

dysphagia presentation is associated with 23 additional cases of cancer per 1,000 patients (column 4, red fonts).

Across the symptom cohorts, it can be seen that the number of additional cancer cases is low for symptoms that are both associated with lower risk and younger median

age at presentation (e.g., abdominal bloating/distension and dyspepsia, which have relatively lower PPV for cancer (see Table 2) and lower median age at presentation in

our study population of 53 years and 56, respectively; see Table 1). Conversely, the number of additional cases is greater for symptoms associated with relatively higher

cancer risk and higher mean age at presentation (e.g., change in bowel habit and dysphagia, which have relatively higher cancer risk; see Table 2 and median age at

presentation of 63 years for both; see Table 1).

� Using age-specific population-based incidence estimates applied to the age (age/sex) structure of each of the 6 symptom cohorts.

�� Per 1,000 patients presenting with the relevant symptom.

IBD, inflammatory bowel disease; PPV, positive predictive value.

https://doi.org/10.1371/journal.pmed.1003708.t004
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Table 5. Number of incident cases and PPVs (95% CIs) for cancer in the year following a symptom, by cancer site.

Any cancer Colon Rectal Kidney Stomach

Men n PPV (95% CI) n PPV (95% CI) n PPV (95% CI) n PPV (95% CI) n PPV (95% CI)

Abdominal bloating/

distension

450 1.65 (1.50,

1.80)

125 0.46 (0.38,

0.54)

25 0.09 (0.06,

0.13)

17 0.06 (0.03,

0.09)

24 0.09 (0.05,

0.12)

Abdominal pain 5,841 1.77 (1.73,

1.82)

1,733 0.53 (0.50,

0.55)

317 0.10 (0.09,

0.11)

217 0.07 (0.06,

0.07)

246 0.07 (0.07,

0.08)

Change in bowel habit 2,101 4.64 (4.45,

4.84)

815 1.80 (1.68,

1.92)

834 1.84 (1.72,

1.97)

35 0.08 (0.05,

0.10)

23 0.05 (0.03,

0.07)

Dyspepsia 3,072 1.41 (1.36,

1.46)

424 0.20 (0.18,

0.21)

122 0.06 (0.05,

0.07)

76 0.03 (0.03,

0.04)

298 0.14 (0.12,

0.15)

Dysphagia 1,601 4.28 (4.07,

4.48)

52 0.14 (0.10,

0.18)

17 0.05 (0.02,

0.07)

23 0.06 (0.04,

0.09)

133 0.36 (0.30,

0.42)

Rectal bleeding 3,730 3.20 (3.09,

3.30)

1,339 1.15 (1.09,

1.21)

1,453 1.24 (1.18,

1.31)

46 0.04 (0.03,

0.05)

48 0.04 (0.03,

0.05)

Any cancer Colon Rectal Kidney Stomach

Women n PPV (95% CI) n PPV (95% CI) n PPV (95% CI) n PPV (95% CI) n PPV (95% CI)

Abdominal bloating/

distension

982 1.33 (1.25,

1.42)

125 0.17 (0.14,

0.20)

24 0.03 (0.02,

0.05)

23 0.03 (0.02,

0.04)

12 0.02 (0.01,

0.03)

Abdominal pain 6,749 1.20 (1.17,

1.23)

1,651 0.29 (0.28,

0.31)

268 0.05 (0.04,

0.05)

200 0.04 (0.03,

0.04)

186 0.03 (0.03,

0.04)

Change in bowel habit 1,471 2.39 (2.27,

2.51)

561 0.91 (0.84,

0.99)

362 0.59 (0.53,

0.65)

19 0.03 (0.02,

0.04)

16 0.03 (0.01,

0.04)

Dyspepsia 3,091 1.03 (0.99,

1.07)

394 0.13 (0.12,

0.14)

97 0.03 (0.03,

0.04)

58 0.02 (0.01,

0.02)

153 0.05 (0.04,

0.06)

Dysphagia 1,041 2.13 (2.01,

2.26)

57 0.12 (0.09,

0.15)

19 0.04 (0.02,

0.06)

18 0.04 (0.02,

0.05)

53 0.11 (0.08,

0.14)

Rectal bleeding 2,911 2.46 (2.37,

2.55)

1,077 0.91 (0.86,

0.96)

1,088 0.92 (0.86,

0.97)

28 0.02 (0.01,

0.03)

27 0.02 (0.01,

0.03)

Lymphoma Esophageal Pancreatic Sarcoma Other
�

Men n PPV (95% CI) n PPV (95% CI) n PPV (95% CI) n PPV (95% CI) n PPV (95% CI)

Abdominal bloating/

distension

35 0.13 (0.09,

0.17)

15 0.05 (0.03,

0.08)

15 0.05 (0.03,

0.08)

<5 <0.02 211 0.77 (0.67,

0.88)

Abdominal pain 320 0.10 (0.09,

0.11)

317 0.10 (0.09,

0.11)

280 0.09 (0.08,

0.10)

9 0.00 (0.00,

0.00)

2,533 0.77 (0.74,

0.80)

Change in bowel habit 36 0.08 (0.05,

0.11)

23 0.05 (0.03,

0.07)

31 0.07 (0.04,

0.09)

<5 <0.01 411 0.91 (0.82,

1.00)

Dyspepsia 147 0.07 (0.06,

0.08)

556 0.26 (0.23,

0.28)

139 0.06 (0.05,

0.07)

8 0.00 (0.00,

0.01)

1,378 0.63 (0.60,

0.67)

Dysphagia 30 0.08 (0.05,

0.11)

1,024 2.74 (2.57,

2.90)

10 0.03 (0.01,

0.04)

5 0.01 (0.00,

0.03)

360 0.96 (0.86,

1.06)

Rectal bleeding 57 0.05 (0.04,

0.06)

64 0.05 (0.04,

0.07)

14 0.01 (0.01,

0.02)

<5 <0.004 859 0.74 (0.69,

0.78)

Lymphoma Esophageal Pancreatic Sarcoma Other
�

Women n PPV (95% CI) n PPV (95% CI) n PPV (95% CI) n PPV (95% CI) n PPV (95% CI)

Abdominal bloating/

distension

28 0.04 (0.02,

0.05)

10 0.01 (0.01,

0.02)

16 0.02 (0.01,

0.03)

<5 <0.01 337 0.46 (0.41,

0.51)

Abdominal pain 293 0.05 (0.05,

0.06)

162 0.03 (0.02,

0.03)

249 0.04 (0.04,

0.05)

16 0.00 (0.00,

0.00)

2,566 0.46 (0.44,

0.47)

Change in bowel habit 37 0.06 (0.04,

0.08)

10 0.02 (0.01,

0.03)

34 0.06 (0.04,

0.07)

<5 <0.01 368 0.60 (0.54,

0.66)

Dyspepsia 123 0.04 (0.03,

0.05)

242 0.08 (0.07,

0.09)

101 0.03 (0.03,

0.04)

10 0.00 (0.00,

0.01)

1,497 0.50 (0.47,

0.52)

Dysphagia 37 0.08 (0.05,

0.10)

516 1.06 (0.97,

1.15)

5 0.01 (0.00,

0.02)

<5 <0.01 327 0.67 (0.60,

0.74)

(Continued)
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Strengths and limitations

We estimated PPVs in 6 prospective symptom cohorts using data that are representative of the

general population consulting in GP practice. We used comprehensive symptom code lists to

capture abdominal symptoms, cancer, and IBD [9,14]. In defining the cohorts, we ensured

that information was available for at least 1 year before and at least 1 year after the index con-

sultation with the relevant symptom (to help identify “new” presentations and new diagnoses

of cancer or IBD occurring post-presentation, as opposed to preexisting diagnoses of these

conditions). Another strength of our study is the consideration of symptom combinations,

describing how often such pairwise combinations exist and how they moderate risk of cancer

or IBD.

As common in all studies using primary care electronic health records, the identification of

presenting symptoms and of the diagnoses of cancer or IBD relies on doctors recording them

in patient records using appropriate codes. We only included data from patient records where

the practice had met the current acceptable standards in THIN [16,17]. Our focus was to esti-

mate PPVs in patients with abdominal symptoms that potentially pass a threshold of concern

for the GP, possibly triggering suspicion of cancer or other serious nonneoplastic disease such

as IBD. Thus, our estimates represent PPVs among patients whose abdominal symptoms were

deemed important to be coded in their records by their GPs. Future work should aim to incor-

porate additional features in risk stratification; these may include other presenting features

and factors such as chronic morbidity and family history of cancer. Although cancer diagnoses

could not be verified through linked cancer registration data, previous studies using similar

primary care records have estimated that cancer diagnoses that remain unrecorded in primary

care records are rare [16–18].

Our findings relate to general practice consultations within the National Health Service in

the UK, characterised by a well-developed, free at point of access, primary healthcare system

with a gatekeeping function, and where most patients experiencing symptoms present to pri-

mary care. Implicit consultation norms tend to favour “one principal complaint per consulta-

tion.” The findings may not be generalisable to other health systems where social norms about

help seeking, and, therefore, risk levels associated with the same abdominal symptoms, may

differ or where financial or structural barriers to accessing healthcare may exist. We included

assessment of risk of IBD (in addition to assessment of risk of cancer (overall and by cancer

site) given that it represents a consequential condition whose diagnostic pathway entails spe-

cialist assessment and endoscopic investigation, acknowledging that broader consideration of

Table 5. (Continued)

Rectal bleeding 45 0.04 (0.03,

0.05)

21 0.02 (0.01,

0.03)

21 0.02 (0.01,

0.03)

<5 <0.004 593 0.50 (0.46,

0.54)

Ovarian Uterine

Women n PPV (95% CI) n PPV (95% CI)

Abdominal bloating/distension 395 0.54 (0.48, 0.59) 34 0.05 (0.03, 0.06)

Abdominal pain 1,043 0.19 (0.17, 0.20) 258 0.05 (0.04, 0.05)

Change in bowel habit 100 0.16 (0.13, 0.19) 27 0.04 (0.03, 0.06)

Dyspepsia 358 0.12 (0.11, 0.13) 102 0.03 (0.03, 0.04)

Dysphagia 20 0.04 (0.02, 0.06) 12 0.02 (0.01, 0.04)

Rectal bleeding 73 0.06 (0.05, 0.08) 60 0.05 (0.04, 0.06)

� Bladder, breast, cervical, laryngeal, thyroid, melanoma, myeloma, prostate, testicular, vulval, and vaginal.

CI, confidence interval; PPV, positive predictive value.

https://doi.org/10.1371/journal.pmed.1003708.t005
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other nonneoplastic disease outcomes is also pertinent and should be addressed in future.

When interpreting the findings, it is worth reflecting that the findings relate to patients with

the studied symptoms who have presented to a GP. Consistent evidence from population stud-

ies in different countries indicates that a larger proportion of the population experiencing such

symptoms do not seek help [27–29]. Risk estimates among that broader population who expe-

rience the studied symptoms will be considerably lower than the ones reported among present-

ers. A small percentage of patients (1.2%) had a diagnosis of IBD recorded at the index

consultation with one of the studied abdominal symptoms. One interpretation of this is that

these patients were diagnosed with IBD in the past and that the GP was rerecording their diag-

nosis; nonetheless, incidence patterns observed in our data concord with prior literature [25].

Comparisons to other literature

With regard to PPVs for cancer, our findings overall concord with previous estimates [18,21].

However, unlike all but one previous study, we examine PPVs for the composite outcome of

either cancer or IBD [8]. The single prior study of relevance estimated PPVs for a diagnosis of

either colorectal cancer or IBD but was restricted to patients aged 50 years or younger and to 3

of the 6 abdominal symptoms considered in our study (abdominal pain, change in bowel

habit, and rectal bleeding) [8]. Further, our study also includes both “all-cancer” and cancer

site–specific evidence, whereas most prior literature in this field considered associations

between specific abdominal symptoms and individual cancer sites in isolation. Our findings

can be used in addition to other cancer risk tools in current use [30,31].

Our study adds to a small number of population-based studies examining the epidemiology

of IBD. Concordant with prior literature, we observed a stable (although slightly declining)

incidence in patients aged 30 years and over and an approximately equal risk among men and

women [25]. Risk was greater (nearing 3%) among patients with rectal bleeding and change in

bowel habit and lower although appreciable for patients with abdominal pain and abdominal

bloating/distension (around 1%). Given known delays in the diagnosis of IBD [4], considering

composite risk of either IBD or cancer diagnosis may help improve the timeliness of diagnosis

in both diseases.

Implications for policy, practice, and research

The findings of this comprehensive joint consideration of PPVs of 6 major abdominal symp-

toms for cancer (overall and site specific) and IBD have implications for clinical practice

guidelines. Although cancers diagnosed following certain abdominal symptoms were mostly

accounted for by a specific cancer site (e.g., colon and rectal cancer following change in bowel

habit), among patients who diagnosed with cancer after presentation with abdominal pain and

dyspepsia, there was a diverse range of primary cancer sites involved. Understanding the rela-

tive risk of possible cancer sites (as denoted by the rank order of site-specific PPVs) can help

guide the optimum testing strategies and support diagnostic decision-making regarding the

use and choice of primary care tests (such as fecal immunochemical testing) [21,22],or of refer-

ral to either rapid diagnostic centres (RDCs) or an appropriate clinical specialty. Further, it is

worth considering the risk associated with specific symptoms across all cancer sites; in men,

the 3% threshold for any cancer is exceeded by dysphagia for patients aged 50 years or older,

for rectal bleeding and change in bowel habit in patients aged 60 years or older, and for the

remaining 3 studied symptoms among patients 70 years or older. However, in women, the 3%

risk for any cancer is exceeded only for dysphagia and rectal bleeding among women aged 60

years or older and for change in bowel habit among women 70 years or older.
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Our findings could prove useful in considering risks of different cancer sites alongside the

risk of other nonneoplastic disease. For example, in our study, PPVs of rectal bleeding for can-

cer and for IBD (in either sex) when considered in isolation were lower than 3% (i.e., lower

than the threshold used in NICE clinical practice guidelines for recommending specialist fast

track assessment). However, when PPVs were estimated for the composite outcome of either

cancer or IBD, values exceeded the 3% threshold, across age groups, even in patients aged 50

years or younger. As the suspicion of abdominal cancer or of IBD often prompts similar diag-

nostic referral or investigation strategies, the findings would support reconsideration of cur-

rent guideline recommendations, enabling specialist referrals even when cancer-specific PPVs

of presenting abdominal symptoms do not surpass the normative 3% threshold when consid-

ered in isolation.

SAU : AbbreviationlistshavebeencompiledforthoseusedthroughoutSupportinginformationcaptions:Pleaseverifythatallentriesarecorrect:upporting information

S1 Text. STROBE Statement. STROBE, STrengthening the Reporting of OBservational stud-

ies in Epidemiology.

(DOCX)

S2 Text. Analysis plan.

(DOCX)

S1 Table. Numbers of incident cases and PPVs (%) for cancer and for IBD within 1 year of

symptom, per type of symptom, by sex and age group. IBD, inflammatory bowel disease;

PPV, positive predictive value.

(DOCX)

S2 Table. Numbers of incident cases and PPVs (%) for either cancer or IBD within 1 year

of symptom, per type of symptom, by sex and age group. IBD, inflammatory bowel disease;

PPV, positive predictive value.

(DOCX)

S3 Table. Numbers of incident cases and PPVs (%) for cancer, by cancer site, within 1 year

of symptom, per type of symptom. PPV, positive predictive value.

(DOCX)

S1 Fig. The relative distribution of different cancer sites (among cases diagnosed with can-

cer) for each abdominal symptom cohort.

(DOCX)

S2 Fig. The relative distribution of any cancer diagnosis or IBD among for each abdominal

symptom cohort. IBD, inflammatory bowel disease.

(DOCX)

S1 Diagram. Derivation of each of the 6 symptom cohorts. � No records during 2000–2016

where the patient was 30–99 years old, where patient registered with the practice for at least 6

months and practice has achieved current recording quality standards, and 1 year before any

transfer or date when the practice last provided data to THIN. THIN, The Health Improve-

ment Network.

(PNG)

Author Contributions

Conceptualization: Annie Herbert, Georgios Lyratzopoulos.

PLOS MEDICINE Predictive values of abdominal symptoms for cancer and inflammatory bowel disease: A cohort study

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003708 August 2, 2021 17 / 20

http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003708.s001
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003708.s002
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003708.s003
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003708.s004
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003708.s005
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003708.s006
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003708.s007
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1003708.s008
https://doi.org/10.1371/journal.pmed.1003708


Data curation: Annie Herbert, Tra My Pham, Irene Petersen.

Formal analysis: Annie Herbert.

Funding acquisition: Georgios Lyratzopoulos.

Investigation: Annie Herbert, Georgios Lyratzopoulos.

Methodology: Annie Herbert, Meena Rafiq, Tra My Pham, Cristina Renzi, Gary A. Abel,

Sarah Price, Irene Petersen, Georgios Lyratzopoulos.

Project administration: Annie Herbert, Georgios Lyratzopoulos.

Resources: Meena Rafiq, Tra My Pham, Sarah Price, Willie Hamilton, Irene Petersen, Geor-

gios Lyratzopoulos.

Supervision: Cristina Renzi, Gary A. Abel, Irene Petersen.

Validation: Georgios Lyratzopoulos.

Visualization: Annie Herbert.

Writing – original draft: Annie Herbert, Georgios Lyratzopoulos.

Writing – review & editing: Annie Herbert, Meena Rafiq, Tra My Pham, Cristina Renzi, Gary

A. Abel, Sarah Price, Willie Hamilton, Irene Petersen, Georgios Lyratzopoulos.

References
1. Holtedahl K, Hjertholm P, Borgquist L, Donker GA, Buntinx F, Weller D, et al. Abdominal symptoms and

cancer in the abdomen: prospective cohort study in European primary care. Br J Gen Pract. 2018; 68

(670):e301–e10. https://doi.org/10.3399/bjgp18X695777 PMID: 29632003

2. Neal RD, Tharmanathan P, France B, Din NU, Cotton S, Fallon-Ferguson J, et al. Is increased time to

diagnosis and treatment in symptomatic cancer associated with poorer outcomes? Systematic review.

Br J Cancer. 2015; 112(Suppl 1):S92–107. https://doi.org/10.1038/bjc.2015.48 PMID: 25734382

3. Salika T, Abel GA, Mendonca SC, von Wagner C, Renzi C, Herbert A, et al. Associations between diag-

nostic pathways and care experience in colorectal cancer: evidence from patient-reported data. Front-

line Gastroenterol. 2018; 9(3):241–8. https://doi.org/10.1136/flgastro-2017-100926 PMID: 30046429

4. Blackwell J, Saxena S, Jayasooriya N, Bottle A, Petersen I, Hotopf M, et al. Prevalence and duration of

gastrointestinal symptoms before diagnosis of Inflammatory Bowel Disease and predictors of timely

specialist review: a population-based study. J Crohns Colitis. 2020; 15(2):203–11. https://doi.org/10.

1093/ecco-jcc/jjaa146 PMID: 32667962

5. Koo MM, von Wagner C, Abel GA, McPhail S, Hamilton W, Rubin GP, et al. The nature and frequency

of abdominal symptoms in cancer patients and their associations with time to help-seeking: evidence

from a national audit of cancer diagnosis. J Public Health (Oxf). 2018; 40(3):e388–e95.

6. Hamilton W, Hajioff S, Graham J, Schmidt-Hansen M. Suspected cancer (part 2—adults): reference

tables from updated NICE guidance. BMJ. 2015; 350:h3044. https://doi.org/10.1136/bmj.h3044 PMID:

26104465

7. National Collaborating Centre for Cancer. Suspected Cancer: recognition and referral. NICE Guideline.

Appendix F: Evidence review. 2015.

8. Stapley SA, Rubin GP, Alsina D, Shephard EA, Rutter MD, Hamilton WT. Clinical features of bowel dis-

ease in patients aged <50 years in primary care: a large case-control study. Br J Gen Pract. 2017; 67

(658):e336–e44. https://doi.org/10.3399/bjgp17X690425 PMID: 28347985

9. Chisholm J. The Read clinical classification. BMJ. 1990; 300(6732):1092. https://doi.org/10.1136/bmj.

300.6732.1092 PMID: 2344534

10. Blak BT, Thompson M, Dattani H, Bourke A. Generalisability of The Health Improvement Network

(THIN) database: demographics, chronic disease prevalence and mortality rates. Inform Prim Care.

2011; 19(4):251–5. https://doi.org/10.14236/jhi.v19i4.820 PMID: 22828580

11. Rait G, Horsfall L. Twenty-year sociodemographic trends in lung cancer in non-smokers: A UK-based

cohort study of 3.7 million people. Cancer Epidemiol. 2020; 67:101771. https://doi.org/10.1016/j.canep.

2020.101771 PMID: 32659727

PLOS MEDICINE Predictive values of abdominal symptoms for cancer and inflammatory bowel disease: A cohort study

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003708 August 2, 2021 18 / 20

https://doi.org/10.3399/bjgp18X695777
http://www.ncbi.nlm.nih.gov/pubmed/29632003
https://doi.org/10.1038/bjc.2015.48
http://www.ncbi.nlm.nih.gov/pubmed/25734382
https://doi.org/10.1136/flgastro-2017-100926
http://www.ncbi.nlm.nih.gov/pubmed/30046429
https://doi.org/10.1093/ecco-jcc/jjaa146
https://doi.org/10.1093/ecco-jcc/jjaa146
http://www.ncbi.nlm.nih.gov/pubmed/32667962
https://doi.org/10.1136/bmj.h3044
http://www.ncbi.nlm.nih.gov/pubmed/26104465
https://doi.org/10.3399/bjgp17X690425
http://www.ncbi.nlm.nih.gov/pubmed/28347985
https://doi.org/10.1136/bmj.300.6732.1092
https://doi.org/10.1136/bmj.300.6732.1092
http://www.ncbi.nlm.nih.gov/pubmed/2344534
https://doi.org/10.14236/jhi.v19i4.820
http://www.ncbi.nlm.nih.gov/pubmed/22828580
https://doi.org/10.1016/j.canep.2020.101771
https://doi.org/10.1016/j.canep.2020.101771
http://www.ncbi.nlm.nih.gov/pubmed/32659727
https://doi.org/10.1371/journal.pmed.1003708


12. Wang Y, Freemantle N, Nazareth I, Hunt K. Gender differences in survival and the use of primary care

prior to diagnosis of three cancers: an analysis of routinely collected UK general practice data. PLoS

ONE. 2014; 9(7):e101562. https://doi.org/10.1371/journal.pone.0101562 PMID: 25014510

13. Williams R, van Staa TP, Gallagher AM, Hammad T, Leufkens HGM, de Vries F. Cancer recording in

patients with and without type 2 diabetes in the Clinical Practice Research Datalink primary care data

and linked hospital admission data: a cohort study. BMJ Open. 2018; 8(5):e020827. https://doi.org/10.

1136/bmjopen-2017-020827 PMID: 29804063

14. Watson J, Nicholson BD, Hamilton W, Price S. Identifying clinical features in primary care electronic

health record studies: methods for codelist development. BMJ Open. 2017; 7(11):e019637. https://doi.

org/10.1136/bmjopen-2017-019637 PMID: 29170293

15. Price S, Spencer A, Zhang X, Ball S, Lyratzopoulos G, Mujica-Mota R, et al. Trends in time to cancer

diagnosis around the period of changing national guidance on referral of symptomatic patients: A serial

cross-sectional study using UK electronic healthcare records from 2006–17. Cancer Epidemiol. 2020;

69:101805. https://doi.org/10.1016/j.canep.2020.101805 PMID: 32919226

16. Maguire A, Blak BT, Thompson M. The importance of defining periods of complete mortality reporting

for research using automated data from primary care. Pharmacoepidemiol Drug Saf. 2009; 18(1):76–

83. https://doi.org/10.1002/pds.1688 PMID: 19065600

17. Horsfall L, Walters K, Petersen I. Identifying periods of acceptable computer usage in primary care

research databases. Pharmacoepidemiol Drug Saf. 2013; 22(1):64–9. https://doi.org/10.1002/pds.

3368 PMID: 23124958

18. Jones R, Latinovic R, Charlton J, Gulliford MC. Alarm symptoms in early diagnosis of cancer in primary

care: cohort study using General Practice Research Database. BMJ. 2007; 334(7602):1040. https://doi.

org/10.1136/bmj.39171.637106.AE PMID: 17493982

19. Rasmussen S, Haastrup PF, Balasubramaniam K, Christensen RD, Sondergaard J, Jarbol DE. Predic-

tive values of upper gastrointestinal cancer alarm symptoms in the general population: a nationwide

cohort study. BMC Cancer. 2018; 18(1):440. https://doi.org/10.1186/s12885-018-4376-8 PMID:

29669540

20. Rasmussen S, Haastrup PF, Balasubramaniam K, Elnegaard S, Christensen RD, Storsveen MM, et al.

Predictive values of colorectal cancer alarm symptoms in the general population: a nationwide cohort

study. Br J Cancer. 2019; 120(6):595–600. https://doi.org/10.1038/s41416-019-0385-x PMID:

30792531

21. Hamilton W, Lancashire R, Sharp D, Peters TJ, Cheng K, Marshall T. The risk of colorectal cancer with

symptoms at different ages and between the sexes: a case-control study. BMC Med. 2009; 7:17.

https://doi.org/10.1186/1741-7015-7-17 PMID: 19374736

22. Shephard E, Neal R, Rose P, Walter F, Hamilton WT. Clinical features of kidney cancer in primary care:

a case-control study using primary care records. Br J Gen Pract. 2013; 63(609):e250–5. https://doi.org/

10.3399/bjgp13X665215 PMID: 23540481

23. Office for National Statistics (ONS). Cancer Registration Statistics, England. 2011. Available from:

https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/

datasets/cancerregistrationstatisticscancerregistrationstatisticsengland

24. Office for National Statistics (ONS). Mid-2011 Population Estimates: Single year of age and sex for

local authorities in the United Kingdom 2016. Available from: https://webarchive.nationalarchives.gov.

uk/20160107185425/ http://www.ons.gov.uk/ons/rel/pop-estimate/population-estimates-for-uk—

england-and-wales—scotland-and-northern-ireland/mid-2011-and-mid-2012/rft—mid-2011-uk-

population-estimates.zip

25. Pasvol TJ, Horsfall L, Bloom S, Segal AW, Sabin C, Field N, et al. Incidence and prevalence of inflam-

matory bowel disease in UK primary care: a population-based cohort study. BMJ Open. 2020; 10(7):

e036584. https://doi.org/10.1136/bmjopen-2019-036584 PMID: 32690524

26. StataCorp. Stata Statistical Software. Release 15. College Station, TX: StataCorp LLC.; 2017.

27. Hannaford PC, Thornton AJ, Murchie P, Whitaker KL, Adam R, Elliott AM. Patterns of symptoms possi-

bly indicative of cancer and associated help-seeking behaviour in a large sample of United Kingdom

residents-The USEFUL study. PLoS ONE. 2020; 15(1):e0228033. https://doi.org/10.1371/journal.pone.

0228033 PMID: 31978177

28. Elnegaard S, Andersen RS, Pedersen AF, Larsen PV, Sondergaard J, Rasmussen S, et al. Self-

reported symptoms and healthcare seeking in the general population—exploring “The Symptom Ice-

berg”. BMC Public Health. 2015; 15:685. https://doi.org/10.1186/s12889-015-2034-5 PMID: 26195232

29. Whitaker KL, Scott SE, Winstanley K, Macleod U, Wardle J. Attributions of cancer ’alarm’ symptoms in

a community sample. PLoS ONE. 2014; 9(12):e114028. https://doi.org/10.1371/journal.pone.0114028

PMID: 25461959

PLOS MEDICINE Predictive values of abdominal symptoms for cancer and inflammatory bowel disease: A cohort study

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003708 August 2, 2021 19 / 20

https://doi.org/10.1371/journal.pone.0101562
http://www.ncbi.nlm.nih.gov/pubmed/25014510
https://doi.org/10.1136/bmjopen-2017-020827
https://doi.org/10.1136/bmjopen-2017-020827
http://www.ncbi.nlm.nih.gov/pubmed/29804063
https://doi.org/10.1136/bmjopen-2017-019637
https://doi.org/10.1136/bmjopen-2017-019637
http://www.ncbi.nlm.nih.gov/pubmed/29170293
https://doi.org/10.1016/j.canep.2020.101805
http://www.ncbi.nlm.nih.gov/pubmed/32919226
https://doi.org/10.1002/pds.1688
http://www.ncbi.nlm.nih.gov/pubmed/19065600
https://doi.org/10.1002/pds.3368
https://doi.org/10.1002/pds.3368
http://www.ncbi.nlm.nih.gov/pubmed/23124958
https://doi.org/10.1136/bmj.39171.637106.AE
https://doi.org/10.1136/bmj.39171.637106.AE
http://www.ncbi.nlm.nih.gov/pubmed/17493982
https://doi.org/10.1186/s12885-018-4376-8
http://www.ncbi.nlm.nih.gov/pubmed/29669540
https://doi.org/10.1038/s41416-019-0385-x
http://www.ncbi.nlm.nih.gov/pubmed/30792531
https://doi.org/10.1186/1741-7015-7-17
http://www.ncbi.nlm.nih.gov/pubmed/19374736
https://doi.org/10.3399/bjgp13X665215
https://doi.org/10.3399/bjgp13X665215
http://www.ncbi.nlm.nih.gov/pubmed/23540481
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/datasets/cancerregistrationstatisticscancerregistrationstatisticsengland
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/datasets/cancerregistrationstatisticscancerregistrationstatisticsengland
https://webarchive.nationalarchives.gov.uk/20160107185425/
https://webarchive.nationalarchives.gov.uk/20160107185425/
http://www.ons.gov.uk/ons/rel/pop-estimate/population-estimates-for-ukengland-and-walesscotland-and-northern-ireland/mid-2011-and-mid-2012/rftmid-2011-uk-population-estimates.zip
http://www.ons.gov.uk/ons/rel/pop-estimate/population-estimates-for-ukengland-and-walesscotland-and-northern-ireland/mid-2011-and-mid-2012/rftmid-2011-uk-population-estimates.zip
http://www.ons.gov.uk/ons/rel/pop-estimate/population-estimates-for-ukengland-and-walesscotland-and-northern-ireland/mid-2011-and-mid-2012/rftmid-2011-uk-population-estimates.zip
https://doi.org/10.1136/bmjopen-2019-036584
http://www.ncbi.nlm.nih.gov/pubmed/32690524
https://doi.org/10.1371/journal.pone.0228033
https://doi.org/10.1371/journal.pone.0228033
http://www.ncbi.nlm.nih.gov/pubmed/31978177
https://doi.org/10.1186/s12889-015-2034-5
http://www.ncbi.nlm.nih.gov/pubmed/26195232
https://doi.org/10.1371/journal.pone.0114028
http://www.ncbi.nlm.nih.gov/pubmed/25461959
https://doi.org/10.1371/journal.pmed.1003708


30. Medina-Lara A, Grigore B, Lewis R, Peters J, Price S, Landa P, et al. Cancer diagnostic tools to aid

decision-making in primary care: mixed-methods systematic reviews and cost-effectiveness analysis.

Health Technol Assess. 2020; 24(66):1–332. https://doi.org/10.3310/hta24660 PMID: 33252328

31. Price S, Spencer A, Medina-Lara A, Hamilton W. Availability and use of cancer decision-support tools:

a cross-sectional survey of UK primary care. Br J Gen Pract. 2019; 69(684):e437–e43. https://doi.org/

10.3399/bjgp19X703745 PMID: 31064743

PLOS MEDICINE Predictive values of abdominal symptoms for cancer and inflammatory bowel disease: A cohort study

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1003708 August 2, 2021 20 / 20

https://doi.org/10.3310/hta24660
http://www.ncbi.nlm.nih.gov/pubmed/33252328
https://doi.org/10.3399/bjgp19X703745
https://doi.org/10.3399/bjgp19X703745
http://www.ncbi.nlm.nih.gov/pubmed/31064743
https://doi.org/10.1371/journal.pmed.1003708

