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Introduction

Raynaud’s phenomenon (RP) is a clinical condition associated with exaggerated vasoconstriction
of the microvasculature in the extremities, in response to cold or emotional stress (1). Primary RP
is idiopathic and affects 4 to 6% of the general population with significant geographic variations
(2). It is usually a benign, seasonal condition that mostly requires conservative measures such as
avoiding exposure to cold and using protective clothing. By contrast, secondary causes of RP
include connective tissue diseases (mainly systemic sclerosis, SSc), hand-arm-vibration syndrome,
vascular compression, and drugs (1,3). SSc-related RP can lead to severe complications such as

digital ulceration or gangrene (1).

Most randomized controlled trials (RCTs) assessing the effect of therapies on RP have used one,
or a combination, of the following outcomes: frequency of attacks, total duration of attacks over a
given period of time, and scores such as the Raynaud Condition Score (RCS). The latter is a daily
self-assessment of RP activity using a 0—10 ordinal scale, with 0 being no impact of the disease,
and 10 the highest imaginable impairment (4). They involve filling a diary every day to rate these
3 outcomes. However, these outcomes suffer from drawbacks: the RCS is a subjective measure,
the duration of a crisis can be inaccurately measured by the patient and the patient may forget to
fill the diary on a day without any attack, biasing the results. Furthermore, assessing these
outcomes requires following the patients for a long period of time in order to get a large amount

of diaries per patient.

For these reasons, a number of surrogate outcomes have been used in RCTs on RP, in an attempt
to address the issue of subjectiveness and to reduce follow-up. These surrogates include: finger
arterial pressure, finger skin temperature, and skin blood flow assessed with laser Doppler or
plethysmography. All these tests can be performed at rest or in response to a cold stress, also

known as cold challenge. However, the surrogacy of these outcomes has not been evaluated.



Surrogacy is the ability of a proposed surrogate outcome to reflect the effect of a treatment on a
true outcome. In a founding paper, Prentice identified 4 criteria for perfect surrogacy (5). Let S be
the surrogate outcome, T the true outcome, and Z the treatment group. Let F(X) be the distribution
of the variable X, and F(X|Y) the distribution of X, supposing Y is known. Then perfect surrogacy
Is achieved if:

F(T|Z) # F(T) [1]

F(S[2) #F(S) [2]

F(T[S) # F(T) [3]

F(TIS,2) = F(TIS) [4]

[1] means the treatment should have an effect on the true outcome and it is necessary for [2], [3]
and [4] to be interpretable. [2] means that the treatment should also have an effect on the surrogate
outcome. [3] means that knowing the value of the surrogate should bring some information on the
value of the true outcome. Finally, [4] means that, if one knows the value of the surrogate outcome,
knowing the treatment group should not bring any further information, allowing the surrogate

outcome to fully "capture™ the treatment effect.

In practice, these criteria suffer from several major drawbacks. First, they are only valid for perfect
surrogacy, but imperfect surrogacy can be useful too. Secondly, they require having an effective
treatment in order to assess surrogacy. Once a treatment is proven to be effective on a given
outcome, it may seem unnecessary and unethical to study the surrogacy of a surrogate outcome.

Finally, these criteria are not directly usable.

Buyse et al. refined these criteria, proposing usable criteria (6). First, the correlation coefficient

between the treatment effect on the true outcome, on one hand, and the treatment effect on the



surrogate outcome on the other hand should be high (close to 1, although Buyse et al don't suggest
any particular threshold), and the correlation coefficient between the true outcome and the
surrogate outcome should be high. The latter should be assessed at an individual level, from single
or multiple crossover trials. In contrast, trial-level surrogacy can be estimated using a meta-
analytic approach. Buyse suggests a good surrogate outcome is an outcome which performs well
on both criteria. Good individual-level surrogacy is an indication that the surrogate and the clinical
outcomes are causally linked, while good trial-level surrogacy indicates that the surrogate captures

all the treatment effect.

The aim of this study is to assess the surrogacy of the various outcomes in trials assessing the

effect of drugs on RP, combining trial-level and individual-level surrogacy.

Methods

Meta-analytic approach

Trial-level surrogacy was assessed as an ancillary objective of an umbrella systematic review with
a network meta-analysis, assessing pharmacological interventions for the treatment of secondary
RP. This systematic review complies with the PRISMA statement guideline, and the full protocol
is available online (PROSPERO registry, CRD42017057518). Eligibility criteria included parallel
or crossover RCTs. A crossover trial was eligible if a washout of more than one week was present.
RCTs were deemed eligible if included patients had secondary RP. If the trial included primary
and secondary RP patients, it was eligible if subgroup analysis was available for secondary RP

patients, or if more than 50% of patients had secondary RP.

The following surrogate outcomes were extracted: finger skin temperature; skin blood flow
(whether it was assessed with laser Doppler imaging, laser Doppler flowmetry, or

plethysmography); and digital arterial pressure; at rest or in response to a cold challenge. The



following clinical outcomes were used as references: frequency of RP attacks, cumulative daily
duration of RP attacks, and RCS or any other numeric scale exploring RP severity. Among all
RCTs selected in the meta-analysis, we excluded those where no surrogate had been used. One
trial was excluded because it had evaluated only surrogates, but no clinical outcome. Each RCT
was reviewed, and means and standard deviations were extracted for the outcomes in each
treatment group. When subgroups were reported (for example, primary and secondary RP
phenomenon), each subgroup was extracted as a different RCT. In one RCT, laser Doppler
flowmetry measurements were reported before and after the cold challenge. In that RCT, the
difference between before and after the cold challenge was used as the cold challenge outcome,
and laser Doppler flowmetry measurements before the cold challenge were used as ambient-
temperature measurements.

When the standard deviation was not reported, it was computed using either the standard deviation
of the mean or the confidence interval width. In 3 RCTs, the mean and standard deviation were
not reported for the surrogates, but the first quartile (Q1), the median (Q2) and the third quartile
(Q3) were reported instead. In this case, the mean and standard deviation were computed with the

following formulae: mean = (Q1 + Q2 + Q3)/3 and SD = (Q3-Q1)/1.35.

Finally, we computed the standardized mean difference for each outcome in each RCT. When data
was reported before and after treatment, the standard deviation of the treatment-related variation
was calculated assuming a within-patient R? = 0.7. This value was obtained from the trial used for
individual-level surrogacy. The SMD was then calculated using this standard deviation.

When data was reported only after treatment, the SMD was calculated between the treatment data

and the placebo data.

If the treatment effect on the surrogate were to predict the treatment effect on the true criteria, then

the standardized mean difference (SMD) of the surrogate in a given trial should predict the SMD



for the clinical outcomes in this trial. In order to test this, we calculated Spearman's correlation

coefficients between surrogate SMDs and clinical outcomes SMDs.

The correlation coefficient to a cold challenge response was calculated by pooling all types of
surrogate outcomes, provided they were coupled with a cold challenge. Digital arterial pressure,
skin blood flow and skin temperature correlation coefficients were calculated by pooling data for

each test, whether coupled with a cold challenge or not.

Individual-level approach

Individual-level surrogacy was based on a series of randomized, controlled, N-of-1 trials (PROFIL
trials, ClinicalTrials.gov Identifier NCT02050360) aiming to estimate the efficacy of on-demand
sildenafil as a treatment of moderate to severe primary or secondary RP. Three treatments were
tested: on-demand sildenafil at a 40mg dose, on-demand sildenafil at an 80-mg dose, and placebo.
N-of-1 trials consist in repeated cross-over trials during which treatments are administered in
repeated blocks. In the present case, each block consisted in 3 one-week periods, with a different
treatment each week, in a random order. This way, a given patient would get 40-mg sildenafil, 80-

mg sildenafil and placebo over each 3-week period. Patients could complete two to five blocks.

A cold provocation test was performed on the first day of each treatment period of the first block.
During this cold provocation test, the right hand was placed in a fenestrated box with air at 9+1°C.
Microvascular reactivity to hand cooling was assessed by measuring cutaneous blood flow with
laser Speckle contrast imaging (LSCI), a non-invasive and reproducible technique. Skin blood
flow was measured before, during and after a 30-min hand cooling. Data were expressed as
cutaneous vascular conductance (CVC), i.e. blood flow divided my mean arterial pressure,

recorded over 10 regions of interest on the back of three fingers and the back of the hand.



Using the PROFIL data, we computed a treatment effect for every treatment for every patient for
the following outcomes: RCS, RP frequency, RP duration, and CVVC during cooling (at 5 min and
30 min), and after cooling (at 5 min and 60 min). The individual-level surrogacy was assessed by
calculating Spearman's correlation coefficient between each of the treatment effects for the clinical

outcomes on one hand, and the treatment effect on CVVC on the other hand.

All correlation coefficient confidence intervals were computed through bootstrapping.

Results

Meta-analytic approach
Final analysis included 35 comparisons from 20 RCTs. The flow chart of included RCTs is
represented in Figure 1. Among those comparisons, 18 used a cold challenge to as a surrogate

outcome, coupled with different techniques to assess skin blood flow (Table 1).

Table 1. Methods used to assess skin perfusion as a surrogate.

Type of outcome Cold challenge No cold challenge
Digital arterial pressure 3 1
Skin blood flow 11 11
Skin temperature 4 5

Total 18 17
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Figure 1: flow chart of included RCTs.




There was a variety of methods to achieve cooling, and heterogeneity in temperatures used for
reactivity tests. A description of those methods is provided in Table 2.
There was no significant correlation between any of the surrogate outcomes and clinical outcomes,

either during a cold challenge or at rest (Table 3).

Table 2. Description of the methods used for cold challenges.

Cooling system (temperatures in Celsius) Number of comparisons
Water (15°C and 16°C) 10
Warm room and cold room (20°C, 28.3°C)
Ice (temperature unreported)
Unknown (-10°C)
Air (4°C)
Cooling blanket (15°C)

P NN

Table 3. Correlation coefficients between the surrogate outcomes and the clinical outcomes.

Outcomes RCS Duration of attacks = Frequency of attacks

-0.07 (N=15, p=0.79) 0.30 (N=11, p=0.37)  0.42 (N=17, p=0.09)

Cold challenge 95%ClI : [-0.65 - 0.59] 95%CI : [-0.44 - 0.83] 95%Cl : [-0.1 - 0.80]

All trials

. . | -0.12(N=8,p=0.64) -0.47 (N=8,p=0.24) -0.02 (N=9, p=0.92)
Skin blood flow 95%Cl : [-0.96 - 0.86]  95%Cl:[-1-1]  95%CI : [-0.93 - 0.78]

0.15 (N=5, p=0.8) 0.21 (N=4,p=0.79) = -0.05 (N=5, p=0.93)
95%Cl : [-1 - 1] 95%CI : [-1 - 1] 95%Cl : [-1- 1]
Data are expressed as Spearman’s correlation coefficients, with their p-values and 95%

confidence intervals (95%CIl). Due to the lack of data, the surrogacy of digital arterial pressure

Skin temperature

could not be assessed. *The following methods to estimate skin blood flow were pooled: laser
Doppler flowmetry, laser Doppler imaging, and plethysmography.



Individual-level approach
Thirty-eight patients were enrolled in the PROFIL trials. Among them, 33 completed a full cold
challenge for all treatment periods. There was no significant correlation between skin blood flow

during or immediately after the cold challenge, and clinical outcomes (Table 4).

Table 4. Correlation between skin blood flow at various times of the cold challenge and

estimated treatment effect on the RCS, frequency of attacks and total duration of attacks

over the day.

Time RCS Frequency of attacks Duration of attacks
Cooling (5 min) -0.03 [-0.29 - 0.22] -0.11 [-0.34 - 0.13] -0.13 [-0.36 — 0.13]
(0.80) (0.37) (0.37)
Cooling (30 min) -0.07 [-0.32 - 0.18] -0.01 [-0.38 — 0.09] -0.23 [-0.45 - 0.02]
(0.37) (0.93) (0.07)
Post-cooling (5 min) -0.06 [-0.31 - 0.19] -0.03 [-0.40 — 0.07] -0.23 [-0.46 - 0.02]
(0.612) (0.79) (0.06)
Post-cooling (60 min) 0.02 [-0.23-0.29] -0.14 [-0.37 — 0.11] -0.20 [-0.44 - 0.05]
(0.83) (0.26) (0.12)

Data are expressed as Spearman’s correlation coefficients, with their 95% confidence intervals in

square brackets and p-values in brackets.

Discussion

Raynaud’s phenomenon is a condition associated with impaired cutaneous microvascular
reactivity to local cooling (7). As a consequence, most treatments used for RP aim at maintaining
adequate perfusion in the fingers; and skin blood flow has thus been used in many clinical trials,
often coupled with a cold challenge. Yet, its surrogacy has never been properly established.

On the individual level, they there was no significant correlation between treatment effect on any
clinical outcome and the response to cold challenge. This holds true for every cooling and post-
cooling time. Individual results, while not significant, show a trend: all correlation coefficients are
negative or close to zero, suggesting that a treatment which improves the cold challenge response

tends to decrease the RP duration over a day, which is the expected behaviour. However, this is of



course not sufficient to consider skin perfusion during a cold challenge as an acceptable surrogate
outcome.

Our results do not show any significant relationship between skin microvascular reactivity to cold
challenge (or skin blood flow at rest) and clinical outcomes at the trial level, and therefore do not
support acceptable surrogacy. Although general guidelines do not exist, thresholds for trial-level
correlation coefficients to conclude to surrogacy have been proposed. In oncology for example, a
surrogate outcome may be considered acceptable if the lower boundary of the 95% confidence
interval for Pearson’s correlation coefficient is above 85%; in contrast, surrogacy will be rejected
if the upper boundary of the 95% confidence interval for Pearson’s correlation coefficient is below
0.7 (8). While this applies to Pearson’s correlation coefficient, it makes sense to be at least as
demanding if Spearman’s correlation coefficient is used, since Spearman’s correlation coefficient
is more robust in the case of non-linear relationships. With these criteria, surrogacy of a cold
challenge may even be rejected for RCS. The absence of even a trend to a relationship between
skin blood flow in response to cold and clinical outcomes is surprising. It is worth noting that the
small number of available RCTs did not allow for a precise estimation of correlation coefficients
at the trial level. For this reason, we had to pool different surrogate outcomes, which introduced
significant heterogeneity. Indeed, different indicators of skin perfusion were used (i.e. temperature,
skin blood flow), and among them techniques were also different. In addition, cold challenges
were not standardized, using various cooling methods and temperatures. Such heterogeneity is in
itself interesting information, highlighting the lack of consensus concerning what a good cold
challenge is, and at what temperature it should be performed.

Trials in this field remain particularly challenging: they are characterized by a strong placebo effect
and a large variability in treatment effects (9). Clinical outcomes are subject to memory bias, and
possibly Heisenberg effect: the sole fact of observing an outcome may have an effect on this
outcome. All these effects have led to a large number of negative trials. Developing good

surrogates and assessing their surrogacy at the individual level and at the trial level is a necessity



to reduce the variability of observed outcomes. However, developing good surrogates is a long
process and assessing their surrogacy is even longer (10). A first step is to develop reproducible,
standardized outcomes. The second step is to test the individual-level correlation between
surrogate and clinical outcomes. This test is simple and can be achieved on a single trial. Finally,
the trial-level correlation is the longest to test, as it requires having multiple RCTs in which the
proposed surrogate has been reproducibly gathered. Unlike blood markers, this step presents a
supplementary difficulty in the case of cold challenges, which involve precise measurement
conditions and specific devices.

In the meantime, RP trials should focus on large sample sizes in order to increase statistical power.
On an individual level, N-of-1 trials should be explored, as they provide the best estimation of
treatment effect on a single patient (11). This is achieved by gathering a large number of
observations for every patient, allowing to further reduce the variability of outcomes, thus

improving the estimation of treatment effect.
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THESE SOUTENUE PAR : OLIVIER GAGET

TITRE : ASSESSING THE SURROGACY IN RAYNAUD'S PHENOMENON

CONCLUSION

Le phénoméne de Raynaud est une affection caractérisée par des épisodes douloureux de
vasoconstriction des extrémités en réponse au froid ou a un stress émotionnel. Bien que généralement bénin,
il peut se compliquer d'ulcérations cutanées lorsqu'il est secondaire a une autre pathologie, notamment la
sclérodermie systémique. Les critéres de jugement généralement utilisés dans les essais sur le phénomene
de Raynaud sont des critéres cliniques : fréquence et durée des crises, géne ressentie par le patient. Ces
critéres sont sujets a des biais de mémorisation et requiérent des temps de suivi longs, et présentent par
ailleurs une importante variabilité inter-individuelle. Différents critéres de jugement intermédiaires
objectifs ont donc été proposés : pression artérielle digitale, flux sanguin cutané ou température digitale, en
réponse ou non a un test au froid. Toutefois, la capacité de ces critéres intermédiaires a prédire fidélement
l'effet d'un traitement sur le phénomeéne de Raynaud n'a jamais été testée.

Pour qu’un critére de jugement intermédiaire puisse étre utilisé comme critére de substitution, il doit
étre validé a deux niveaux : au niveau méta-analytique et au niveau individuel. La validation méta-
analytique a été réalisée en étude ancillaire d'une revue systématique avec méta-analyse réseau sur les
traitements pharmacologiques du phénomene de Raynaud secondaire (PROSPERO : CRD42017057518).
Nous avons extrait les effets des traitements sur les critéres de jugement intermédiaires que sont la pression
sanguine digitale, la température digitale et le flux sanguin digital. Pour chacun de ces criteres, nous avons
calculé le coefficient de corrélation de Spearman avec chaque critére de jugement clinique. Au niveau
individuel, nous avons utilisé les données d'une série d'essais cliniques contrélés randomisés de taille 1 (N-
of-1 trials) évaluant I'effet du sildénafil a la demande dans le Raynaud sévere (ClinicalTrials.gov :
NCT02050360). La méthodologie N-of-1 permet de calculer un effet traitement pour chaque patient. Nous
avons calculé les coefficients de corrélation de Spearman entre, d'une part, 'effet traitement individuel sur
chaque critére de jugement clinique et, d'autre part, sur le flux sanguin cutané en réponse a un
refroidissement loco-régional.

Au niveau méta-analytique, 20 essais ont été retenus dans l'analyse, présentant un total de 35
comparaisons: certains essais présentaient plus d'une comparaison. Aucun critére de jugement
intermédiaire ne s'est avéré significativement corrélé a un critére de jugement clinique. De plus, les
coefficients de corrélation étaient de signes différents, interdisant d'analyser ne serait-ce qu'une tendance.
Au niveau individuel, 33 patients ont été inclus dans l'analyse. Tous les coefficients de corrélation étaient
négatifs, ce qui pourrait correspondre aux attentes d'un bon criteére de jugement intermédiaire. Toutefois,
aucun coefficient de corrélation n'était significativement différent de zéro.

_ En conclusion, notre étude montre que les critéres couramment utilisés dans les essais thérapeutiques

ne permettent pas de prédire l'effet thérapeutique en conditions de vie réelles. Ceci pourrait étre di a une
limitation méthodologique : le nombre d'essais inclus était petit, les méthodes de mesure employées étaient
variables. Cependant, il ne se dessine méme pas de tendance concernant la corrélation entre criteres
intermédiaires et critéres cliniques. Notre étude montre donc la nécessité de développer des critéres
intermédiaires dans le phénoméne de Raynaud et de tester leur capacité a prédire les critéres cliniques, qui
sont ceux qui ont réellement un impact du point de vue des patients.
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