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Abstract t 

Background.. The use of an imperfect reference standard may influence esti-

matess of accuracy of the test under evaluation. 

Purpose.. To investigate the effects of colonoscopic polyp miss on accuracy esti-

matess of virtual colonoscopy (VC). 

Methods.. Our analysis started with uncorrected estimates of accuracy of VC as 

obtainedd in studies using optical colonoscopy as the reference standard for pol-

ypp detection. Estimates of colonoscopic miss rates by polyp size were derived 

fromm a systematic review of tandem colonoscopy studies. In a patient-based 

simulationn study, the proportion of patients missed was varied from 0% to 100% 

too evaluate the effects on estimates of accuracy. 

Results.. In polyps >10mm, a low colonoscopic miss rate did not significantly 

influencee the test characteristics of virtual colonoscopy. In polyps 5-10mm, 

inn the most likely scenarios, the simulation showed overestimated sensitivity, 

negativee predictive value and diagnostic odds ratio (DOR) of VC. In diminutive 

polyps,, the accuracy of VC was overestimated in all possible scenarios. 

Conclusion.. In polyps >10mm, a low colonoscopic miss rate did not significant-

lyy influence the accuracy estimates of virtual colonoscopy. In polyps <10mm, 

usingg optical colonoscopy as the reference standard leads to inflated estimates 

off accuracy of virtual colonoscopy. 

m m 



OverestimatedOverestimated accuracy of virtual colonoscopy 

Introduction n 

Virtuall colonoscopy (VC) is a promising non-

invasivee imaging technique which could play an 

importantt role in future mass screening programs 

forr colorectal cancer. The available studies on 

thee evaluation of VC show that the quality of the 

techniquee has improved up to a point that many 

physicianss consider implementation in clinical 

practicee for certain clinical indications [1], How-

ever,, the reported estimates of the accuracy of VC 

mayy be overestimated because of the use of an 

imperfectt reference standard. 

Estimatingg test error rates from misclassified data 

ass a result of an imperfect reference standard is 

aa long-standing methodological and statistical 

issuee in studies evaluating diagnostic tests [2-3], 

Misclassificationn leads to changes within the 2x2 

contingencyy table in which usually the observed 

resultss of the test under evaluation are tabulated 

againstt the reference standard. Therefore, the test 

characteristicss calculated from the observed 2x2 

tablee are influenced. To correct for misclassification 

severall methods have been proposed, dependent 

onn the type of data involved and the number of 

knownn parameters [4-5]. In our example, we use 

estimatess of the true prevalence and false nega-

tivee rate of the reference standard as obtained in 

publishedd tandem-colonoscopy studies [6]. 

Inn studies evaluating the diagnostic accuracy of 

VC,, optical colonoscopy is used as the reference 

standardd because it is the best available method 

forr the detection of polyps [7-8]. It is also known 

thatt a substantial number of polyps are missed 

duringg the colonoscopic examination [6], The aim 

off this study was to estimate the amount of bias in 

studiess evaluating the accuracy of VC using optical 

colonoscopyy as the reference standard. 

Wee will first illustrate how an imperfect reference 

standardd alters the 2x 2 table. This section will pro-

videe the necessary background information about 

thee key factors determining the amount and the 

directionn of bias. In the next section we describe 

thee scenario model to correct the observed sensi-

tivitiess and specificities of VC in accuracy studies 

usingg optical colonoscopy as imperfect reference 

standard.. We present the results from our mod-

ell stratified by three size-categories of polyps: 

l-5mm,, 5-10mm and >10mm. In the final section 

wee discuss the strengths and limitations of our 

studyy and provide suggestions for the reporting 

andd analysis of future studies evaluating the accu-

racyy of virtual colonoscopy. 

1.. Background information 

1.11 Classic accuracy study 

Inn a classic diagnostic accuracy study the results 

off the test under evaluation {index test) are com-

paredd to the outcome of the reference standard 

inn order to verify whether the target disease was 

trulyy present or absent. Usually, a two by two table 

iss constructed to cross-classify the results of the 

indexx test against those of the reference standard. 

Fromm this table, several index test characteristics 

orr accuracy measures indicating the ability to dis-

tinguishh the diseased from the non-diseased can 

bee calculated. Appendix A shows the formulas of 

thee most frequently used test characteristics cal-

culatedd from a single two by two table: sensitivity, 

specificity,, negative and positive predictive values 

andd the Diagnostic Odds Ratio (DOR). 

1.22 Impact of imperfect reference standard that 

missess disease 

Inn the evaluation of diagnostic tests, the 'golden' 

orr 'reference' standard should preferably be the 

bestt available method to determine whether the 

targett disease is present or absent [9]. The ideal 



referencee standard would be error-free in all sub-

jects.. However, almost all methods of verification 

aree to some degree imperfect [10]. Even a highly 

reliablee method such as pathologic review of a 

biopsyy specimen is not flawtess in retrieving the 

'truth':: either because the specimen was errone-

ouslyy not taken from the exact location of interest 

orr because an observational error was made [11-

12].. In many other situations, a less reliable 

methodd of verification is deliberately adopted 

becausee the ultimate reference standard is con-

sideredd to be too invasive or harmful. For example, 

inn mass screening studies on breast cancer or 

coiorectall cancer, surgical excision would be the 

ultimatee method to determine the true status of 

diseasee but because of the low prevalence, it 

wouldd be unethical to subject all patients to such 

ann invasive method. Therefore, less reliable or 

'imperfect'' methods such as clinical follow-up or 

colonoscopyy are frequently used as methods of 

verificationn [13]. 

Usingg an imperfect reference standard leads to 

misclassificationn within the two by two table, alter-

ingg one or more accuracy measures of the index 

test.. Theoretically, two possible errors can occur: 

eitherr the reference standard labels subjects as 

havingg the disease of interest while in reality the 

diseasee was absent or the reference standard 

missess disease (falsely labeling patients as dis-

ease-free).. In many methods of verification the 

latterr is can be considered as the main problem. 

Oftentimes,, endoscopic procedures and imaging 

testss are used just to 'detect' abnormalities. If so, 

thee scope of the investigation is to assume nor-

mall anatomy unless an abnormality is detected, 

withoutt interpreting its morphology or diagnosis. 

Inn our article, we consider optical colonoscopy as 

aa reference standard that might miss polyps but 

neverr falsely identifies polyps. 

1.33 Information necessary to correct biased 

estimatess of accuracy 

Tablee 1A shows an observed 2 by 2 table in which 

aa number of the truly diseased were missed by 

thee reference standard. Among the 820 persons 

classifiedd as disease-free, some should have been 

labeledd as having the disease. Subsequently, the 

numberr of 180 persons indicated as having the 

diseasee is underestimated. If we would know the 

misss rate, we can calculate how many subjects 

shouldd move from the non-diseased column to the 

diseasedd column. In our example, the miss rate 

wass 13% of the truly diseased. Therefore, the 180 

subjectss labeled as diseased accounted for only 

87%% of the true number with the disease, which 

shouldd have been 206. In conclusion, 266 persons 

{2066 minus 180) were falsely labeled as disease-

free,, e.g. were missed by the reference standard. 

Too correct the 2 by 2 table, only knowing the appro-

priatee number of patients that have to move from 

thee non-diseased column to the diseased column 

iss not sufficient. We also need to know how many 

off the missed patients move from the b cell to the 

aa cell or from the d cell to the c cell. In other words, 

wee need to know how many of the patients missed 

byy the reference standard were also missed by the 

indexx test. Tables 1B&C show the corrected 2 by 

22 tables according to the two most extreme sce-

narios:: either all patients missed by the reference 

standardd were also missed by the index test (IB) 

orr all patients missed by the reference standard 

hadd a positive index test result indicating that they 

weree not missed by the index test (1C). 

Basedd on these two 'extreme' situations, we can 

calculatee the corrected minimal and maximal val-

uess of all characteristics of the index test. The 

extremee values of the sensitivity vary from 61 to 

74%.. This implies that the observed uncorrected 

e e 
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Tablee 1 . Example of correcting the observed 2 by 2 table for miss rate by the reference standard 

A. . 

Indexx Test 

Total l 

+ + 

Diseased d 

126 6 

54 4 

180 0 

Imperfectt Refe 

4 * --

^26 6 

rencee Standard 

Non-diseased d 

57 7 

763 3 

820 0 

Total l 

183 3 

817 7 

1000 0 

OBSERVED D 

Sensitivity y 

Specificity y 

PPV V 

NPV V 

DOR R 

== 70% 

== 93% 

== 69% 

== 93% 

== 31 

Alll patients missed by referencealso missed by the index test 

Truee no. diseased True no. non-diseased 

Indexx Test 

Total l 

C. . 

Indexx Test 

Total l 

+ + 

+ + 

126 6 

80 80 

206 206 

Allp p 

Truee no. 

152 2 

54 4 

206 6 

57 7 

737 7 

794 4 

183 3 

817 7 

1000 0 

CORRECTED D 

Sensitivity y 

Specificity y 

PPV V 

NPV V 

DOR R 

Alll patients missed by reference positive on the index test 

61% % 

93% % 

69% % 

90% % 

20 0 

Truee no. non-diseased 

311 183 

7633 817 

794794 1000 

Sensitivity y 

Specificity y 

PPV V 

NPV V 

DOR R 

== 74% 

== 96% 

== 83% 

== 93% 

== 69 

valuee of 70% is either over- or underestimated. The 

samee applies to the observed specificity and the 

observedd diagnostic odds ratio (DOR) [Table 1]. 

Thee observed positive predictive value (PPV) either 

remainss unchanged (this is when all patients 

missedd by the reference are missed by the index 

testt too) or it is underestimated. The observed 

negativee predictive value (NPV) either remains 

unchangedd (this is when all patients missed by the 

referencee have a positive index test result). 

2.. Scenario model 

Wee will now use the approach outlined in Sec-

tionn 2 to estimate the amount of bias in reported 

estimatess of accuracy for virtual colonoscopy in 

studiess that have used optical colonoscopy as the 

imperfectt reference standard. In the next para-

graphh we will present the input parameters that 

wee used in our scenario model. The results are 

thenn presented in 3.2. 

2.11 Scenario modei: input parameters 

Wee started with reported estimates of accuracy 

forr virtual colonoscopy stratified by three size 

categoriess as reported in the literature. We used 

dataa from the recently published meta-analy-

siss by Mulhall et al. in 2005 to obtain reported 

estimatess of the sensitivities and specificities of 

virtuall colonoscopy for polyp detection from [14]. 

Thesee values were use to create observed 2-by-2 

tabless using convenient study size of 1,000. Little 

evidencee was available on the patient-based prev-

alencee of polyps per size-category. We found two 

articless from which we derived these data [15-16]. 

Dataa are summarized in table 2. 

Too correct the observed 2x2 tables for misclas-

sificationn by the reference standard requires two 

moree estimates: the amount of miss rate and the 

degreee to which the patients missed by the refer-

encee standard were also missed by the index test. 

Wee retrieved the amount of miss rate from a meta-



Tablee 2. Input parameters for scenario model 

Virtual l 

Colonoscopy y 

Sensitivity y 

Specificity y 

Prevalence e 

PPV V 

NPV V 

DOR R 

Misss rate 

>10mm m 

85% % 

97% % 

12% % 

2% % 

Polypp size 

5-100 mm 

70% % 
93% % 

18% % 

13% % 

l-5mm m 

48% % 
91% % 

57% % 

79% % 

98% % 

183 3 

69% % 

93% % 

31 1 

88% % 

57% % 

9 9 

26% % 

Source e 

Meta-analysiss by Mulhall9 

Vann Gelder1^ R e x " 

Calculatedd with formulas in Appendix A 

Revieww tandem-colonoscopy1 

Chapterr 7 in this thesis. 

analysiss of tandem-colonoscopy studies in which 

patientss received two same-day colonoscopies 

withh polypectomy [3]. The number of polyps found 

duringg the second colonscopy divided by the total 

numberr of polyps found during first and second 

examinationn was considered to be an estimate of 

thee miss rate of colonoscopy [Table 2]. Because 

wee found no published data on the degree of 

patientss missed by both the reference standard 

ass and virtual colonoscopy, we varied the value of 

thiss parameter from minimal to maximal to show 

thee potential impact across all values. 

Inn our simulations, the number of patients missed 

byy the reference as well as by the index test is 

expressedd as a proportion of the total number 

missedd by the reference standard (number of 

patientss missed by the virtual colonoscopy out 

off the patients missed by the reference standard 

dividedd by the total number of missed by the ref-

erencee standard). In theory, this proportion can 

varyy from 0% to 100%. In some situations, how-

ever,, extreme values are impossible because the 

numberr of missed polyps by the reference stan-

dardd would then exceed the maximal number of 

patientss available to be shifted from the non-dis-

easedd to the diseased column. This can either 

bee from false positive to true positive (during low 

valuess of error association) or from true nega-

tivee to false negative (during high values). If one 

off the cells becomes zero the surplus has to be 

shiftedd in the opposite row. Then, the proportion 

off patients missed both by the reference can no 

longerr be varied from 0% to 100%. The formulas 

too correct the observed estimates of accuracy are 

presentedd in appendix B. 

2.22 Results of the scenario model: large polyps 

(>10mm) ) 

Becausee of the low miss rate (2%) of polyps 

>10mm,, the corrected test characteristics diverged 

littlee from the observed values. The minimal and 

maximall corrected sensitivity varied between 

83.66 and 85.2%, which is hardly different from the 

observedd sensitivity of 85.0%. Similar marginal 

changess were seen for the specificity. The mini-

mall and maximal corrected DOR were respectively 

1655 and 202. The observed DOR of 183 was over-

estimatedd as soon as the proportion of patients 

missedd by the reference standard as well as by the 

virtuall colonoscopy went beyond 45%. 

2.33 Results of the scenario model: medium sized 

polypss (5-10mm) 

Figuree 1 shows the corrected sensitivity and the 

specificityy for polyps 5-10mm. The observed values 
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Figuree 1 . Scenario model: corrected sensitivity and specifi-
cityy in patients with polyps 5-10mm. 

00 10 20 30 40 50 60 70 80 90 100 

Note.:: X-axis shows the proportion of patients missed by the 
virtuall colonoscopy as well as the reference standard. Cor-
rectedd values indicated by continuous lines, horizontal dot-
tedd lines represent the observed value. 

aree indicated by the horizontal dotted lines. The 

minimall and maximal sensitivities were 6 1 % and 

74%.. As soon as the proportion of patients missed 

byy both the virtual colonoscopy and the colonscopy 

reachedd 30% (vertical dotted line), the observed 

sensitivityy was overestimated. The minimal and 

maximall specificities were 93.0% and 92.8% for 

mediumm sized polyps, indicating virtually no influ-

encee on the specificity. As soon as the proportion 

off patients missed by both the virtual colonoscopy 

andd the colonscopy reached 90%, the observed 

sensitivityy was overestimated. 

Thee negative predictive value (NPV) was maxi-

mallyy overestimated by 3% (observed 93%; 

correctedd 90%). The positive predictive value (PPV) 

wass underestimated. However, the more the pro-

portionn on the x-axis increased, the less the PPV 

wass underestimated (Figure 2A). 

Theree was a relatively large impact on the observed 

DORR of 31 (Figure 2B). If more than 60% of the 

patientss were missed by both techniques, the 

observedd DOR became overestimated up to a max-

imumm of 11 points (corrected DOR at 100%: 20). 

2.44 Results of the scenario model: diminutive pol-

ypss (l-5mm) 

Thee observed sensitivity of virtual colonoscopy 

forr polyps smaller than 5mm was as low as 48%. 

Becausee of the high miss rate of 26%, the pro-

Figuree 2. Scenario model: corrected predictive values and diagnostic odds ratio (DOR) in patients with polyps 5-10mm. 

00 10 20 30 40 50 60 70 80 90 100 
Note:: NPV = Negative Predictive Value, PPV = Positive predictive value. 

00 10 20 30 40 50 60 70 80 90 100 

m m 



portionn of missed patients by virtual as well as 

opticall colonoscopy could only be varied between 

81%% and 100%. In other words, at least 81% of 

thee patients missed by the colonscopy had to be 

consideredd as missed by the virtual colonoscopy 

too.. Throughout the total range, the observed sen-

sitivityy was overestimated and the specificity was 

overestimatedd if the proportion missed by both 

techniquess (on the x-axis) went beyond 90%. There 

wass a large impact on the NPV, which was over-

estimatedd at least 24% (observed 57%; corrected 

minimumm was 28% and corrected maximum was 

33%).. The observed DOR of 10 was also overesti-

matedd in all possible scenarios. 

2.44 Interpretation of the scenario model 

Fromm figures 1 and 2, we can conclude that in our 

examplee of patients with medium sized polyps the 

accuracyy parameters can either be overestimated 

orr underestimated. However, it is likely that the 

proportionn of patients missed by both techniques 

iss high. Because it is known that in some cases 

thee virtual colonscopy detects polyps while the 

colonscopyy did not, the proportion missed by both 

techniquess is unlikely to be 100%. Nevertheless, 

wee believe that in the most likely scenarios the 

majorityy of the patients missed by the colonscopy 

aree also missed by the virtual colonscopy. If we 

assumee this proportion to be at least 70%, we can 

concludee that the sensitivity, the negative predic-

tivee value and the DOR are overestimated. 

Discussion n 

Thiss study showed that the test characteristics of 

virtuall colonoscopy are influenced by using colo-

noscopyy as the reference standard. The impact of 

colonoscopicc miss rate on the test characteristics 

dependedd on two factors: the magnitude of the 

misss rate and the extent to which patients were 

missedd by the index test (virtual colonoscopy) as 

welll as by the reference standard (colonoscopy). 

Inn patients with large polyps, the low colonoscopic 

misss rate caused little influence on the test char-

acteristicss of virtual colonoscopy. For smaller 

polyps,, the colonoscopic miss rate caused a sub-

stantiall bias in the accuracy estimates of virtual 

colonoscopy. . 

Thee validity of our approach is determined by the 

validityy of our input parameters, because the cal-

culationss themselves are fairly straightforward. 

Wee used the sensitivities and specificities from 

aa meta-analysis by Mulhall [14]. We chose to use 

thesee data because the meta-analysis was on a 

per-patientt basis. This was important because 

otherwise,, - if we used polyp-based data only, - we 

wouldd not have been able to calculate the nega-

tivee predictive values nor the odds ratios. 

Too obtain accurate colonoscopic miss rate data, 

wee performed a systematic review of tandem-

colonoscopyy studies [6]. In the included studies, 

patientss underwent two same-day colonoscopies 

withh polypectomy. All polyps found during the sec-

ondd examination were considered to have been 

missedd during the first examination. In these stud-

ies,, the miss rate was expressed on a per-polyp 

basis.. These estimates of the miss rate are prob-

ablyy underestimated because in tandem studies 

thee number of polyps missed during both exami-

nationss could not be assessed. Because there 

weree no studies available reporting miss rate on 

aa per-patient level, we used these per-polyp miss 

ratee data in our study. 

Thee most uncertain parameter in our simulation 

studyy was the amount of error correlation, the 

estimatee of the proportion of patients missed by 

Q Q 
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bothh the virtual colonoscopy and the reference 

standard.. Because there are no data available on 

howw many patients were missed by the reference 

standardd as well as by the index test, we per-

formedd a simulation study in which this proportion 

wass varied from 0% to 100%. As this proportion 

increased,, the most important parameters (sen-

sitivityy and negative predictive value) became 

moree inflated, dependent on the magnitude of the 

misss rate. Although we were unable to estimate 

thee exact proportion of patients missed by both 

techniques,, we assume this overlap to be fairly 

high.. On the other hand, it is also known that vir-

tuall colonoscopy is capable of detecting polyps in 

somee awkward locations within the colon which 

cannott be reached by colonoscopy. Therefore, a 

numberr of patients missed during the colonoscop-

icc examination will not have been missed by the 

virtuall colonoscopy. There is some evidence avail-

ablee on polyps detected by virtual colonscopy but 

nott by optical colonoscopy. The evidence, however, 

iss limited to large polyps. Reported polyp-based 

percentagess from two recent studies vary from 12 

too 17% [17-18]. 

Too get to more valid estimates of the test char-

acteristicss of virtual colonoscopy, future studies 

withinn the field of polyp detection should focus 

onn two main goals. The first goal is to minimize 

polypp miss rate by improving the performance of 

colonoscopy.. New developments such as narrow-

bandd imaging, auto-fluorescence colonoscopy and 

immunoscopyy are promisingtechniques. They may 

changee the standard of reference in the future, but 

aree currently in an experimental phase [19]. The 

secondd goal is to investigate the patient-based 

colonoscopicc miss rate, not only for large polyps, 

butt also for smaller sized polyps. We believe that 

thee patient-based negative predictive value is an 

essentiall parameter in order to determine the 

valuee of virtual colonscopy within future screening 

programs.. Although not optimal, tandem-colonos-

copyy can be considered as the most appropriate 

methodd for this purpose. As shown in our study, 

thee estimates from such studies can be used to 

correctt the test characteristics of virtual colonos-

copyy more accurately, 

Virtuall colonoscopy isa promisingtechnique butin 

ourr opinion, the current performance with respect 

too polyp detection is far from optimal, especially in 

polypss smaller than 10mm. The available studies 

reportt relatively disappointing sensitivities, even 

withoutt accounting for colonoscopic miss rate. 

Researcherss evaluating virtual colonscopy,- in 

particularr researchers modeling the benefits and 

disadvantagess of screening programs involving 

thiss technique,-should realize that, because of the 

limitationss of the reference standard (colonosco-

py),, the currently reported test characteristics of 

virtuall colonoscopy are overestimated. 
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Basee table 

APPENDIX X 

T T 
+ + 

T T 

D+ + 

TP P 
a a 

c c 

FN N 

D~ ~ 

FP P 
b b 

d d 

TN N 
1-p p N N 

T+:: Index Test positive 
T-:: Index Test negative 
D+:: Disease Positive 
D-:: Disease Negative 
p:: No. patients with disease 

TP:: Index Test True Positive (a) 
FP:: Inde x Test False Positive (b) 
FN:: Index Test False Negative (c) 
TN:: Index Test True Negative (d) 

Parameters s 

Sensitivity y 

Specificity y 

Positivee Predictive Value 

Negativee Predictive Value 

Diagnosticc Odds Ratio 

Formula a 
a a 

a+c c 

b+d d 

a a 
a+b b 

d d 
c+d" " 

b,, b*c 

B B Formulass to correct an observed base 2x2 table for miss rate of the reference standard 

Minimal l 
Corrected d 
ac c 
bc c 

cc c 

dc c 

IFF m>b 

ac c 
bc c 

Cc c 

dc c 

Observed d 
aa + m 
bb - m 
c c 
d d 

aa + b 
0 0 
cc + (m-b) 
d-(m-b) ) 

Maximal l 
Corrected d 
ac c 
bc c 

cc c 

dc c 

IFm>d d 

a. . 
bc c 

cc c 

dc c 

Observed d 
a a 
b b 
cc + m 
d~~ m 

aa + (m-d) 
b-(m-d) ) 
cc + d 
0 0 

Note:: *c = corrected value: m = number missed by the reference standard 




