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Chapterr 5 

Designn issues of a diagnostic randomized clinical 
trial;; the value of toe and transcutaneous oxygen 
pressuree measurements in the management of critical 
legg ischemia 
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Abstract t 
Objectivee The value of a new diagnostic test is usually performed by analyzing its 
accuracyy in relation to a reference standard. Such a comparison is not possible in 
casecase a reference standard is not available and is, in principle, incomplete. Here we 
describee a potentially better - but still not very common - model of diagnostic 
research,, viz. a diagnostic randomized clinical trial (D-RCT), and discuss its pros 
andd cons. 
Methodss Hereto we use a trial investigating the diagnostic and therapeutic 
managementt of critical limb ischemia as an example. Patients clinically suspected 
off critical limb ischaemia will be randomized either for the conventional 
managementt strategy (treatment on the basis of ankle blood pressure, duplex and 
angiography)) or the new strategy (based on transcutaneous oxygen and toe 
pressures).. The impact of the diagnostic work-up on the diagnostic and 
therapeuticc process and clinical outcome will be evaluated. 
Resultss A D-RCT is suited when a true reference standard is lacking and two 
differentt concepts are to be compared. Furthermore, such a randomized clinical 
triall is the best available research method to control for confounding and bias. 
Besides,, a D-RCT not only evaluates the effect on diagnosis, but also incorporates 
thee total effect on clinical outcome, like side effects of the tests, use of the results 
byy the physician, and side effects of the therapy. However, the D-RCT has some 
disadvantagess as to the power and size of the trial, and the influence of treatment 
onn the outcome parameter. 
Conclusionss Taking these considerations into account, a D-RCT can provide 
valuablee information as to the evaluation of diagnostic tests. However, more 
experiencee with this new concept is required. 
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Introduction n 

Traditionally,, the introduction of new diagnostic techniques is mainly based on the 
evaluationn of the test performance in relation to a reference (or gold) standard. 
However,, such an evaluation is not always possible and, in principle, incomplete. 
Inn many cases correct diagnosing in relation to a reference standard is not the 
ultimatee goal. This goal is to improve the clinical outcome by enhancing the 
appropriatee choice of treatment. Ideally diagnostic tests are evaluated in terms of 
theirr effect on improving clinical outcome, by means of a diagnostic randomized 
clinicall trial (D-RCT). 

Inn therapeutic research, the randomized clinical trial is generally accepted as the 
ultimatee type of evaluation. However, the use of this research design in the 
evaluationn of diagnostic procedures is less well established.1 In this paper we 
describee the rationale, theoretical considerations, design issues, limitations, and 
solutionss of a randomized clinical trial in the evaluation and implementation of 
diagnosticc tests, with the diagnostic and therapeutic issues around critical limb 
ischemiaa as an example. 

DescriptionDescription of the clinical problem 
Criticall limb ischemia is a controversial concept. The question which critical limb 

ischemiaa requires intervention when is still under debate.2"6 According to the 
TransAtlanticc Inter-Society Consensus (TASC) on the Management of Peripheral 
Arteriall Disease the term critical limb ischemia can be used for all patients with 
chronicc ischemic rest pain, ulcers, or gangrene attributable to objectively proven 
arteriall occlusive disease.2 However, these clinical characteristics are not specific 
forr critical limb ischemia but could also be caused by other diseases. Particularly 
inn patients with multifactorial disease (peripheral vascular disease in combination 
withh e.g. diabetes and/or venous insufficiency) the decision and timing of vascular 
interventionn is difficult. Therefore, objective criteria to functionally quantify the 
degreee of ischemia are necessary for the definition of critical limb ischemia.3,7 

Variouss consensus documents have formulated criteria based on ankle blood 
pressure.. However, objective criteria have never achieved a consensus.4"6 At 
present,, diagnostic angiography or duplex scanning is frequently performed to 
evaluatee the extent of vascular obstructions. The limitation of these investigations 
iss that they do not provide functional information about tissue perfusion but only 
anatomicalanatomical information, which is not always related to the severity of clinical 
symptomss and the clinical outcome of the disease. 

Therefore,, the indication for vascular intervention is usually based on the skilled 
vieww of a vascular specialist. The timing of vascular intervention is difficult, since 
vascularr intervention is accompanied with serious side effects (risk of operation, 
woundd infections, early occlusion, which may ultimately result in amputation or 
death).88 On the other hand, postponing an intervention may also be detrimental to 
thee patient. Moreover, critical limb ischemia has a considerable impact on health-
relatedd quality of life.9 This leads to substantial variation between diagnostic 
proceduress and indications for vascular intervention among vascular surgeons, 
hospitalss and countries.10,11 

Hence,, we are in want of simple objective criteria to identify when a vascular 
interventionn is required. Previous retrospective investigations have shown that a 
combinationn of toe blood pressure <TP) and transcutaneous oxygen pressure 
(Tcp02)) measurements might be a good indicator for vascular intervention.12,13 

Bothh are simple and quick tests that provide functional information about the 
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peripherall tissue perfusion and it is the disturbance in peripheral (micro-) 
circulationn which causes the clinical signs and symptoms.6'14"16 However, the 
attributablee value of TP and Tcp02 in the identification of patients for vascular 
interventionn has never been evaluated. 

PhasesPhases of the diagnostic process 
Overr the past years, new insights have emerged to improve the evaluation of new 
diagnosticc tests.1 Yet, methodological standards for a research design of (new) 
diagnosticc techniques are not welll established. According to Guyatt and 
colleagues,, diagnostic technologies should be evaluated for: [1] technological 
capability,, [2] range of possible use, [3] diagnostic accuracy, [4] impact on 
diagnosticc thinking, [5] therapeutic impact and [6] patient outcome.17 More recently 
ann evaluation in terms of costs has been advocated.16 Although important, it is 
beyondd the scope of this article. 

Thee first aspect, technological capability, encloses the precision of measuring a 
phenomenon,, which includes reliability and, thus, the reproducibility and technical 
performancee of a test at various times, places, equipment, and operators. 
Thee second aspect concerns the exploration of the range of possible uses of a 
neww diagnostic technique to provide important diagnostic information in various 
clinicall situations and diseases. This includes the fact-finding phase in which the 
testt must be correlated to as much clinical information as possible. 
Thee third aspect, diagnostic accuracy, comprises the independent comparison 
withh a reference standard using ROC analysis and calculation of likelihood ratios. 
Whenn a reference standard is lacking, the consensus of a panel of experts, the 
combinationn of diagnostic tests, or the long term follow-up could serve as a 
substitutee reference standard.10 

Thee fourth aspect concerns the impact of the outcome of a test combination on 
thee diagnostic process (also called diagnostic thinking efficacy). The aim of 
diagnosingg is to reduce the uncertainty of the physician, which is influenced by the 
resultt of a test. The impact on the diagnostic process addresses how the outcome 
off a test influences the judgment of the physician about the presence or absence 
off a disease. This is different in that the order of the tests and contribution of each 
testt to the other (including clinical judgment of the physician) is evaluated, as 
opposedd to the evaluation of the diagnostic accuracy of a single test. This phase is 
difficultt to measure individually, but can be evaluated by measuring pre and post 
testt diagnostic probabilities of a physician (the probability of the presence of the 
diagnosis).18 8 

Thee therapeutic (fifth) aspect evaluates whether the test actually influences the 
treatingg physician's choice of treatment. To change morbidity and/or mortality or 
improvee quality of life, a diagnostic test must change therapy.17 Ideally, all 
performedd diagnostic tests contribute substantially to the choice of accurate 
therapy.. But usually this is not the case, and frequently a whole series of 
diagnosticc tests is performed, part of which is used only to reassure the physician 
withoutt actually affecting the choice of therapy. In this phase the choice of therapy 
oughtt to be the result of evaluation. 

Thee most important (sixth) aspect of diagnostic tests is the influence on patient 
outcomeoutcome (morbidity and mortality). Even though a test may be good, the test is 
uselesss or even contraindicated if the treatment it engenders does not alter clinical 
outcome.. In this phase, the clinical outcome of a treatment strategy using the 
conventionall diagnostic information is compared with that of a strategy taking into 
accountt of the new diagnostic information. 
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TheThe value of TP and Tcp02 in relation to the phases in the diagnostic process 
Thee evaluation of most diagnostic procedures used in medicine meets the first 
threee demands, but only few address all aspects.19 The ankle pressure, TP and 
Tcp022 have been evaluated on the first two levels. The technological capability of 
thee ankle pressure is well accepted and established.20"22 The inter-observer 
reproducibilityy of TP and Tcp02 in clinical practice have recently been evaluated 
andd is acceptable and comparable with the ankle pressure.14 The evaluation of the 
rangerange of possible uses has been studied extensively. The ankle pressure, TP, and 
Tcp022 are well correlated to the severity of vascular disease, symptoms, risk of 
amputation,, prediction of wound healing, and effect of limb salvage 
therapy.7'12-13-23"25 5 

Thee evaluation with regard to the third aspect (diagnostic accuracy) is 
impossiblee because a true reference standard is lacking. When diagnostic 
informationn is employed in such a way that it directly influences treatment 
decisions,, a reference standard by definition does not exist. Some alternatives 
havee been proposed. Firstly, in natural history studies, the diagnostic tool is 
evaluatedd as a predictor of clinical outcome without intervention.26 However, a bad 
outcomee does not necessarily constitute an indication for therapy. Secondly, other 
studiess have related TP and Tcp02 to clinical outcome after therapy.2729 However 
thiss may not correspond to the indication for vascular intervention. Thirdly, other 
studiess have evaluated the diagnostic accuracy using the actual indication for 
vascularr intervention as indicated by the vascular specialist blinded for TP and 
Tcp022 as the reference standard. Against this method one could argue that the 
potentiall for improving conventional decision making (the reference standard) is 
ignored.. From these studies one can only conclude that TP and Tcp02 

correspondd best with the clinical intuition of the vascular surgeon.612 Therefore, 
thesee methods can only be used to establish cut-off values but can never improve 
thee clinical outcome. 

Yett the continuing discussion of identifying critical limb ischemia demonstrates 
thatt there is no solution for the classical concept of determining diagnostic. 
However,, it must be born in mind that new diagnostic methods are employed with 
aa view to improve patient outcome. Therefore, the clinical outcome should be 
incorporatedd in the evaluation. 

Thee fourth {impact on the diagnostic process) and fifth aspect (influence on 
treatment}treatment} are interesting for theoretical considerations but cannot be evaluated 
independentt of the last and most important aspect: clinical outcome. The impact of 
thee latter three aspects is paramount and can simultaneously be evaluated in a 
diagnosticc randomized controlled trial (D-RCT), since the evaluation of the impact 
onn diagnostic process and influence on treatment can only be evaluated in terms 
off the eventual best clinical outcome. Therefore, the present study was designed 
too evaluate the value of the combination of TP and Tcp02 (new management 
strategy)) in comparison with the conventional management strategy (ankle 
pressure,, duplex scanning, angiography and expertise of a team of vascular 
specialists)) in terms of their influence on the diagnostic process, on the choice of 
therapyy and most importantly, on patient outcome. 
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Implementationn of a D-RCT in the study design 

Ourr study includes patients clinically suspected of critical limb ischemia by a 
vascularr specialist and referred to the vascular laboratory. It excludes the so-
calledd clear-cut cases (patients with obviously severe and mild disease) leaving 
onlyy patients with an uncertain decision. Patients are randomly be assigned to the 
conventionalconventional or the new management strategy (figure 1). 

Underr the conventional strategy, decisions for further diagnostic imaging of the 
arteriess (primary duplex scanning and - if indicated - followed by angiography), are 
onlyy based on clinical symptoms, physical examination, and ankle pressure. 
Additionally,, the TP is only measured in patients with diabetes mellitus and 
incompressiblee arteries (ankle brachial pressure index > 115%) since withholding 
functionall information about the severity of the disease is unethical and 
unacceptablee to the vascular surgeons in our Department. Subsequently, the 

Figuree 1 . Flow chart of the trial. Patient clinically suspected of critical leg ischemia 
areare randomized for either the conventional or new management strategy. 
AccordingAccording to the conventional strategy the decision for further diagnostic imaging 
ofof the arteries (primary duplex scanning and - if indicated - followed by 
angiography),angiography), and thus the intention for a vascular intervention, are based on 
clinicalclinical symptoms, physical examination and ankle pressure (and TP only in 
patientspatients with incompressible arteries) by the vascular surgeon involved. According 
toto the new strategy the results of the combination of TP and Tcp02 measurements 
determinedetermine the intention for vascular intervention. A vascular intervention and, 
subsequently,subsequently, a duplex and/or angiography to define the type and place of 
intervention,intervention, are indicated only if one of the two measurements is below the cut-off 
level.level. I.e., in this strategy the therapeutic decision is based on objective 
parametersparameters as opposed to the clinical eye of the surgeon in the conventional 
strategy. strategy. 
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proposedd therapy (conservative treatment, bypass or percutaneous transluminal 
angioplasty)) is discussed at a consensus meeting of the vascular surgeons, 
interventionn radiologist, and vascular technologist. 

Underr to the new strategy, the results of the combination of TP and Tcp02 

measurementss will determine the intention for vascular intervention in addition to 
thee clinical symptoms, physical examination, and ankle pressure. A vascular 
interventionn and, subsequently, a duplex and/or angiography are indicated if either 
off two measurements is below the cutoff level (TP <30 mm Hg and/or TcpOa <35 
mmm Hg). Thus, the therapeutic decision in the new strategy is based only on 
objectivee parameters, as opposed to mainly subjective parameters in the 
conventionalconventional strategy group. The final decision for vascular intervention (indication 
andd type) will be made at the vascular consensus meeting, after which every 
possiblee and clinical useful vascular intervention is performed until TP and Tcp02 

willl exceeded the cut-off value. 
Alll patients are followed for eighteen month. During this period the diagnostic 

andd therapeutic regime is based on the policy of the randomization result. Thus, 
thee randomization settles the diagnostic procedure, which in its turn determines 
thee therapeutic decisions. During the follow-up period reiteration of the assigned 
diagnosticc procedure may imply a change in therapy. 

Tablee 1. Power analysis based on the scores of the bodily pain subscale of SF-36 

conventional l 
strategy y 

TestTest result 

intervention n 

conservative e 

Total l 

'Truth' 'Truth' 

intervention n 

30% % 

20% % 

50% % 

conservative e 

20% % 

30% % 

50% % 

50% % 

50% % 

100% % 

BPP score Mean n 
BP P 

30%% x 70 + 20% x 30 I 

20%% x 30 + 30% x 70 j 

54 4 

neww strategy 

TestTest result 

intervention n 

conservative e 

Total l 

'Truth' 'Truth' 

intervention n conservative e 

45%% I 5% 

5%% j 45% 

50% % 50% % 

50% % 

50% % 

100% % 

BPP score Mean n 
BP P 

45%% x 70 + 5% x 30 j 

5%% x 30 + 45% x 70 

66 6 

Patientss includes in this study have severe bodily pain (Bodily Pain sub score of the SF 36: 
BPP = 30; 100 means no pain), as compared to the reference population (BP = 70), with an 
overalll standard deviation of 20.9 Correct diagnosing (and consequently correct treatment) 
increasess the bodily pain score to the same value as in the reference population (BP = 70), 
whereass incorrect diagnosing keeps the bodily pain at the same level as at inclusion (BP = 
30).. Furthermore, in the conventional strategy 60% (30%+30%) of the patients are correctly 
diagnosed,, while this increases to 90% (45%+45%) in the new strategy.12 Thus, the mean 
bodilyy pain in the group of patients in the conventional strategy increases to 54, while the 
bodilyy pain in the new strategy group increases to 66. Subsequently, power analysis shows 
thatt 90 (2 x 45) patients must be included to refute the null-hypotheses that the diagnostic 
accuracyy between the subgroups was the same (p-value < 0.05 is considered significant, 
two-sided;; and 1-6 = 0.80). 
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OutcomeOutcome parameters 
Thee primary end point is the change in pain measured by the bodily pain sub-
scoree of the SF-36.30 Secondary endpoints are the change in the clinical situation 
ass judged by (limb-) survival, amputation frequency, wound healing, and change in 
health-relatedd quality of life, as investigated by the SF-36, and the number of 
diagnosticc procedures performed. Amputations are classified in minor and major 
amputationss as suggested by Rutherford.3 The outcome parameters are assessed 
att 1, 3, 6, 9, 12 and 18 month after inclusion of the trial. The statistical methods 
includee ANOVA for Pain, quality of life and severity of wounds and Kaplan-Meier 
survivall analyses for patient and limb survival. 

PowerPower analysis 
Powerr analysis on the basis of the bodily pain sub-scale of the SF-36 revealed 
thatt 90 patients must be included to refute the null-hypotheses that the diagnostic 
accuracyy between the subgroups is the same (details of the calculation and 
assumptionss are shown in table 1).9 

Discussion n 

Thee ongoing problem of defining critical limb ischemia is a typical research 
questionn where traditional methods of evaluation of diagnostic accuracy cannot be 
applied.. As a result, we chose to evaluate the diagnostic value of TP and Tcp02 in 
termss of their effect on clinical outcome using randomization. 

ProsPros and cons of randomization 
AA D-RCT as described here aims to prove whether the use of two simple, 
objectivee tests can improve patient outcome in comparison to the clinical eye of an 
(experienced)) vascular specialist. The lack of a true reference standard makes a 
D-RCTT especially suitable. Furthermore, a D-RCT also addresses a possibly 
harmfull effect of diagnosis and therapy. This is particularly important in potentially 
harmfull and/or invasive diagnostic procedures (such as angiography) and 
therapiess with a high complication and failure rate (such as bypass surgery). 

AA randomized clinical trial is the best strategy to control for bias and 
confounding,, and an effective strategy for an objective and controlled 
comparison.177 In addition, in a D-RCT two different concepts of diagnostic tests (in 
thiss particular instance anatomical information derived from the larger vessels 
versuss functional information from the local, peripheral vessels) and a whole 
managementt strategy, including the effect on clinical outcome, can be compared. 
Thiss is important as the decision for intervention (diagnosis) is not a snapshot, but 
aa continuous interactive process and in which the vascular specialist continuously 
judgess the clinical situation (e.g. pain, severity and progress of wound healing), 
neww diagnostic findings (e.g. peripheral blood pressures or the extension of 
disorderss as found by duplex scanning and angiography), comorbidity, and the risk 
off complications and failures of invasive therapy. 

AA D-RCT also has its limitations. A problem with the use of a D-RCT is that it 
mightt be unethical withholding a diagnostic test, especially when this test is 
alreadyy being used. This may be applicable to our situation. Although the TP is 
measuredd only rarely in hospitals in our country, withholding TP in patients with 
incompressiblee arteries is hard to accept for the physicians in our hospital and 
mayy therefore reduce their willingness to participate in this trial. Therefore, we 
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allowedd TP measurements in patients with diabetes mellitus and incompressible 
arteries. . 

Thee incorporation of treatment in the outcome measurement introduces a so-
calledd black box in which many factors (the efficacy and use of the test including 
subjectivee judgment of physicians) are involved, which could enhance or mitigate 
thee value of the test.1 One aspect of the black box in D-RCT is that the outcome is 
dependentt on the treating physician's capability of interpreting the role of the 
measurement.. If, in theory, decision making with the new measurement does not 
leadd to a better clinical outcome, this can be caused by two factors. Firstly, the 
measurementt does not contain valid information. Secondly, the information is 
valuable,, but the participating physicians do not know how to utilize the 
information.. Differentiation between these aspects is not possible in a D-RCT but 
cann be evaluated in a retrospective diagnostic review.17 Therefore, D-RCT is not 
suitedd in the early phase of the evaluation of a diagnostic test, but is a valuable 
adjuvantt in the end-stage of the evaluation of diagnostic tests. 

Judgmentt of the effect of a test in a D-RCT also dependents on the effects of 
thee chosen therapy on the outcome parameter. In other words, the effect of the 
testt on the patient outcome is established through the effect of therapy. This is 
importantt in situations when adverse effects of the therapy have a large impact, 
whenn therapy is unsuccessful in many patients, or when the disease is self-limiting 
inn time and withholding therapy does not largely influence the course of the 
disease.199 Moreover, a test is without value if current therapy provides no benefit. 
Thiss does not imply that the application of future therapy may benefit from the 
diagnosticc knowledge of the test. In other words, the diagnostic value of a test is 
determinedd by the therapeutic option used in the study. One could argue that the 
bestt possible test identifies only those patients who benefit from a specific 
therapy,, independently of the 'diagnosis'. The total effect of all these factors on the 
majorr outcome parameters is difficult to analyze in the studies performed thus far 
andd can best be analyzed in a D-RCT. 

SampleSample size 
Thee total influence of factors in the black box on the outcome parameter could be 
considerablee and to determine empirically the effect of tests per se can therefore 
requiree a very large sample size. The size and power of a trial are the limiting 
factorr of a D-RCT. The expected difference in clinical outcome between the 
groupss of randomization defines the size and power of the D-RCT. As stated 
before,, the clinical outcome is influenced by the effect size of therapy. Secondly, 
thee result of an evaluation depends on the prevalence of the disease in the 
populationn of the trial. In populations with a low indication for therapy, a 
considerablee number of patients should be included to show significant differences 
betweenn diagnostic strategies. Therefore our study includes patients with a 
clinicall suspicion of critical limb ischemia, with exclusion of clear-cut cases. 
Inclusionn of borderline patients makes it more likely to detect a difference between 
thee randomization groups, since it is not likely that different management 
strategiess result in a different clinical outcome in undisputable (clear-cut) cases. 

Furthermore,, it is important to evaluate the value of a test in patients 
representativee of those in whom the test will be applied in clinical practice.31,32 The 
clinicall usefulness of a test is underestimated if the study is carried out in a 
populationn of patients with a clear cut indication for vascular intervention, or in 
patientss who do not need an operation anyway. Since the value of a (new) test is 
nott likely to change therapy and to alter clinical outcome in these group of 
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Figuree 2. Scheme of research models. In the first research model (2a) all patients 
areare randomized. However, differences in outcome will only be observed if the two 
testtest results disagree. This model requires larger sample sizes (or reduces the 
powerpower of the trial). In the second (discordant) research model (2b) only patients in 
whomwhom the two test results differ are randomized. The possibility of a different 
outcomeoutcome between the two strategies is thereby increased. 
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patients.. The evaluation of the tests in a group of 'borderline' patients also makes 
ourr patient group more representative for the clinical problem and reduces the 
numberr of patients required to detect a significant difference. 

AlternativeAlternative design 
Ourr study includes all patients, and randomizes them for two management 
strategies;; with or without the new diagnostic test (TP and Tcp02). When 
comparingg two diagnostic modalities one could also choose to perform both tests 
inn all patients and to randomize only those with discordant results (figure 2).1 

Theoreticallyy we could have followed this design principle by recording a treatment 
decisionn before and after TP and Tcp02. Subsequently, we could have 
randomizedd only those patients with discordant results. The advantage is that 
fewerr patients have to be included. However our problem implies a chain of two 
managementt strategies with prolonged decision making. Therefore our problem 
lackss a single decision moment, which is a a prerequisite for randomization of 
patientss with discordant results. 

Inn conclusion, a D-RCT is the study design of choice for the evaluation of TP and 
Tcp022 in the management of critical limb ischaemia. It settless the problem of the 
lackingg reference standard, and moreover it provides information on choice of 
treatmentt and patient outcome. 
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