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Abstract

:

Actinic keratoses (AK) are common lesions of the skin caused by cumulative sun exposure. Since AK may progress to invasive cutaneous squamous cell carcinoma (cSCC), guidelines uniformly recommend early and consequent treatment. A variety of interventions are available; however, most randomized controlled trials, meta-analyses, and guidelines focus on outcomes that are usually evaluated 8–12 weeks after the end of treatment. Importantly, these assessments can capture the short-term, transient outcomes, but do not allow any conclusions about long-term results to be drawn and do not reflect the probability of transition towards cSCC. Until now, few studies have assessed the long-term results of interventions for AK. Indeed, finding the most appropriate end-point and adjunct time point for determining the long-term results of interventions for AK remains a challenge. Here, we provide an overview of the different ways of measuring the efficacy of AK treatments, such as using recurrence rates or sustained clearance rates, and discuss methodological aspects. Furthermore, we highlight the importance of evidence from post-marketing surveillance trials for the detection of efficacy values and safety signals. Additionally, we emphasize that a follow-up period of 12 months might not be sufficient to reflect the long-term results and stress the urgent need for a longer follow-up period and regular risk-stratified surveillance.
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1. Introduction


Actinic keratoses (AK) are commonly occurring precancerous lesions caused by chronic exposure to ultraviolet (UV) radiation [1,2]. They usually manifest as erythematous and keratotic or scaling plaques with a rough, sandpaper-like surface on sun-exposed areas such as the face, ears, arms, and dorsal hands [2,3]. They are among the most common skin lesions, with a prevalence of up to 60% in Caucasians older than 60 years [4]. In the last decade, a clear increase in AK incidence has been observed. The reasons for this rapid development include chronic UV exposure and the demographic change, with a higher proportion of the population being elderly [5]. Thus, AK are estimated to be among the most common reasons for consulting a dermatologist in Caucasian populations in Europe, North America, and Australia [1,4,6]. Visible lesions may be surrounded by tissue that clinically appears unaltered but that has significant UV-induced histological and genetic abnormalities. This theory has generally come to be known as field cancerization, although an exact clinical definition of the term has still not been established [2,7].



AK are a reliable indicator of chronic UV exposure and the presence of multiple lesions represents a valid biomarker for the development of invasive cutaneous squamous cell carcinoma (cSCC) or basal cell carcinoma (BCC) [8]. Specifically, AK are direct precursors of cSCC, with a capacity for lymphogenic and hematogenic spread. The transformation rates without active treatment are low. A systematic review reported a progression rate of 0.075% per lesion per year, rising to 0.53% per lesion in patients previously affected by non-melanoma skin cancer (NMSC) [9]. However, these rates increase rapidly if further risk factors, such as having a light-skinned phenotype, signs of actinic damage, increased age, or chronic immunosuppression, are present [9,10]. As valid and reliable prognostic factors for the development of AK to cSCC are still not available, the consequent and early treatment of AK is mandatory and recommended by various international guidelines [11,12,13]. However, some guidelines also recommend follow-ups in cases featuring the occurrence of single widely scattered AK lesions per field or affected body area, no hyperkeratosis, or no dynamic progression.




2. Interventions for AK


A variety of interventions are available for the treatment of AK—for example, surgery; cryosurgery; ablative laser treatment; or topical medication such as 5-fluorouracil cream, 5-fluorouracil 5% with salicylic acid 10% solution, tirbanibulin 1% ointment, imiquimod cream, diclofenac 3% gel, or photodynamic therapy (PDT) using either aminolevulinate (ALA) or its ester methyl-aminolevulinate (MAL) as photosensitizers. According to the mode of application, interventions can be divided into either lesion- or field-directed approaches [14]. Lesion-specific interventions offer a fast and easy approach for treating isolated lesions, whereas field-directed treatments are preferable for treating multiple AK, as they also address the subclinical changes in an actinically damaged field. There already exist several sound randomized controlled trials (RCT) and systematic reviews or meta-analyses that evaluate these interventions and their combinations [15,16,17,18,19,20,21,22,23]. Most of the currently available meta-analyses have identified 5-fluorouracil formulations and PDT to be the most effective for clearing AK, irrespective of their localization, while PDT was found to be preferable for AK located in non-scalp and non-face areas in a recently conducted subgroup meta-analysis [15,16,17,18]. These results may also be applied to other epithelial lesions [24,25].



However, the vast majority of RCT, meta-analyses, and guidelines focus on outcomes that are usually evaluated 8–12 weeks to approximately 6 months after the end of treatment [16,18,19,20,26,27]. Importantly, these assessments can capture the short-term results, such as lesion clearance, but do not allow any conclusions to be drawn about the true long-term outcomes of the interventions of interest; the latter outcomes also include progression to cSCC, which may even take several years. Moreover, treatments for AK are usually approved by regulatory agencies based on short-term outcomes, such as the clearance after 8 weeks or transient side effects, whereas the more important medical issues are in fact the long-term clearance and irreversible side effects.




3. Ways of Measuring Long-Term Efficacy: Recurrence vs. “Sustained” Clearance Rates


There is increasing evidence that AK is a chronic condition showing a variable disease course, where even resolution without any active treatment is possible, although this is very rare [9]. Finding the most appropriate endpoint to determine the long-term results of interventions for AK is a challenge. In general, the efficacy outcomes are reported very heterogeneously and inconsistently in RCT regarding their definition and nomenclature. Outcomes can be regarded as either patient-specific —i.e., the patient (inter-individual trials) or treatment field (intra-individual trials) represents the unit of analysis—or as lesion-specific—i.e., the treated AK lesion is the unit of analysis.



Recently, a core outcome set for AK clinical trials was developed. A core outcome set represents a standardized, consented minimum set of outcomes that should be measured and consequently reported in every trial. The AK-specific core outcome set consists of six specific endpoints: the complete clearance of AK, the percentage of AK cleared (lesion-specific), the severity of adverse events (patient-specific), the patient perspective on effectiveness (patient-specific), the patient-reported future treatment preference (patient-specific), and the recurrence rate [28]. The consensus panel recommends assessing the treatment response at 2–4 months and recurrence at 6–12 months, with the AK rate of progression to cSCC reported whenever long-term follow-up is possible [28]. Thus, when the long-term efficacy of a treatment should be reported remains rather vague, and the ideal time point at which to assess these outcomes has yet to be determined. Reporting the recurrence rates at 6–12 months is rather early, and it is debatable whether this time point represents a valid proxy for long-term treatment effects. Recurrence can certainly occur even after initial complete lesion clearance and also later than 12 months after the end of treatment. Surprisingly, according to the core outcome set, when long-term follow-up is possible, the treatment location-specific incidence of and progression to cSCC should be reported, although this is not required in all studies. Notably, the consensus panel specifying the core outcome set also neither regarded the long-term efficacy of a treatment as essential for trial reporting, nor placed this outcome in the innermost circle of an onion model of this core outcome set. Thus, it still remains unclear as to when and how the long-term efficacy of interventions for AK should be assessed. Beyond that, it can hardly be discriminated whether lesions occurring in the follow-up phase are recurrent preexisting lesions or newly developed AK.



3.1. Recurrence Rates


The term “long-term efficacy” is certainly multifaceted and comprises several distinct outcomes, such as the recurrence rates and the “sustained” clearance rates. The recurrence rates are only one potential proxy for long-term efficacy. This rate can be calculated either as a participant- or lesion-specific recurrence rate (Table 1). The participant-specific recurrence rate is defined as the number of relapsing patients divided by the number of patients with complete initial clearance. In contrast, the lesion-specific recurrence rate is defined as the number of relapsing lesions divided by the number of lesions with complete initial clearance. However, when performing a pooled analysis of RCT, this rate does not refer to the intention-to-treat (ITT) population in the denominator of the original RCT. A major problem with calculating or pooling recurrence rates is that they can be subject to a large increment even if only a few lesions or patients show a relapse. Typically, not all AK resolve, nor do all patients achieve the complete clearance of their AK. This issue may be misleading, as the denominator for the placebo arms is usually lower than that for the active interventions. Thus, recurrence rates in general as well as pooled recurrence rates should be interpreted cautiously to avoid over-interpretation. To account for this issue, we advise reporting the raw values for each intervention in addition to the relative recurrence rates, which are typically indicated as a percentage.




3.2. Sustained Clearance Rates


Investigating the sustained clearance rates represents another way to dissect the long-term efficacy of treatments. This rate can be assessed either as lesion- or participant-specific. The participant-specific clearance rate is defined as the number of patients or entire treatment fields with clearance after a certain time point (e.g., at least 12 months) divided by all randomized patients. In contrast, the lesion-specific clearance rate is defined as the number of individual lesions with clearance after a certain time point divided by all randomized lesions. As this outcome refers to an ITT population, and in contrast to a pooled analysis for recurrence rates, meta-analysis is possible.



Few recently published studies have investigated and reported sustained clearance rates after longer follow-up periods. Two examples are two identically designed pivotal double-blind trials that investigated the new topical intervention tirbanibulin 1% ointment [29]. Initial participant-specific clearance occurred in 44% of patients in trial 1 and 54% of patients in trial 2. After a follow-up completed at 1 year, the estimated sustained complete clearance was 27% among the 174 patients who had received tirbanibulin 1% ointment and had achieved complete clearance, while the estimated percentage of patients with recurrent lesions was 47%. Another recent study assessed four randomized interventions for AK in a head-to-head comparison and reported the outcomes after 3 and 12 months [30]. Overall, the authors found 5-fluorouracil to be most effective after both time points compared to imiquimod, photodynamic therapy, and ingenol mebutate (IMB; after 12 months: 82.4% vs. 71.0% vs. 49.6% vs. 42.9%). Additionally, 5-fluorouracil was also identified to be the most cost-effective in an accompanying analysis [30,31]. Thus, these studies represent important contributions to the investigation of the long-term efficacy of various interventions for AK, and their outcomes and respective assessment points may be considered a role models for future studies.




3.3. Lesion Counts


Another way of assessing the efficacy of interventions for AK is counting the number of lesions before and after treatment [32,33,34,35]. This approach has often been criticized as it does not reflect a reliable form of evaluation, as well as because it shows a rather poor interrater reliability. To this end, many studies have been conducted to investigate how the reliability of lesional counts may be increased and have shown, for example, that a higher interrater agreement was achieved with a small number of lesions. Thus, the limitation and/or segmentation of body areas to reduce their number is advisable if lesion counts are assessed [33]. However, one of the major limitations of counting AK is that this method does not illustrate whether new lesions have occurred and whether persisting lesions have cleared after treatment. Furthermore, there is no definitive evidence that a reduction in visible lesions equates to reducing the patient’s risk of developing cSCC. Thus, counting AK may not be the best means to evaluate the long-term efficacy of interventions for AK; neither may it be a suitable approach when field cancerization or multiple lesions are present.




3.4. Integrated Scoring System for Assessing AK


Recent studies by Dirschka et al. and Dréno et al. have indicated that the previous staging of AK, their progression to cSCC, and necessary preventive therapies need to be reconsidered [36,37,38]. Thus, new assessment criteria for classifying AK have been proposed, such as the actinic keratosis field assessment scale (AK-FAS) and the actinic keratosis area and severity index (AKASI). AK-FAS includes the assessment of three criteria: the AK area (the total skin area affected by AK lesions), hyperkeratosis, and sun damage [36]. To determine an AKASI score, the head is divided into four regions (scalp, forehead, left/right cheek ear, chin, and nose). Subsequently, the percentage of the area affected by AK is estimated for each area, and the severities of the three clinical signs of AK are assessed: distribution, erythema, and thickness [37]. Both scores integrate multiple factors, such as the number of lesions, size of the affected area, and localization, and can thereby improve the standardized clinical assessment of AK, both as a baseline assessment before treatment initiation and during the course for the evaluation of the treatment response. However, these scores cannot reflect the extent to which lesions clear and new lesions occur. Moreover, they are only applicable to AK located on the scalp or face.




3.5. Status Quo of Long-Term Efficacy


Until now, only a few meta-analyses have systematically dissected the long-term results of interventions for AK [39,40,41]. A recent pooled analysis investigated the recurrence rates after at least 12 months as efficacy outcome and found participant-specific recurrence rates to be the lowest, at 39% for cryosurgery and ALA-PDT [40]. In contrast, the highest participant-specific recurrence rates were observed for diclofenac, at 85% [40]. Surprisingly, when examining the lesion-specific recurrence rates, the analysis revealed placebo to have the lowest rate, at 15%, followed by ALA-PDT (20%) and MAL-PDT (34%) [40]. However, these results have to be interpreted cautiously, as AK occasionally undergo spontaneous resolution without any active treatment. Another recent network meta-analysis synthesized the sustained lesion- and participant-specific clearance rates as a proxy for efficacy at least 12 months after the end of treatment [41]. Here, ALA-PDT showed the most favorable risk ratio for the outcomes of participant complete clearance rate and lesion-specific clearance rate [41].



The authors of both long-term evaluations only included RCT in their analyses and chose the time point of at least 12 months after the end of treatment as a proxy for long-term efficacy. The authors justified their choice of this time point as most follow-up studies only report clearance rates after this time and since with increasing time, the chance for loss to follow-up is substantially increasing [41]. Methodically, they referred these rates to the baseline ITT population to account for the initial trial randomization, although the clearance rates were commonly reported in separate follow-up trials. This approach can result in overly conservative estimates, as some patients who have achieved sustained clearance may be lost to follow-up, which then would actually decrease the reported clearance rates.



The other way to examine the long-term efficacy of treatments is to look at the recurrence rates of lesions after complete clearance has occurred. However, reliably determining the recurrence rates requires the continuous and spatially mapped observation of the treated AK to distinguish whether lesions are either relapsing at the same site of origin or whether they arose de novo in adjacent sites. Furthermore, it is debatable whether a 12-month time point represents a valid proxy for long-term efficacy. The time point of 12 months can still be perceived as a measure of short-term clearance, and it is likely too early to capture the risk of progression towards cSCC, which may even take several years. Thus, it remains arguable whether the outcome of a 12-month clearance is a valid proxy or whether it should rather be considered to still be a short-term outcome. Until now, only a few studies that have investigated later time points have been published [42,43,44,45,46]. Nevertheless, investigating later time points inevitably results in a gray area in which clearance rates and secondary prevention overlap and in which treatment-induced clearance is extremely difficult to assess.



This brings up the question of which time points should ultimately be considered when investigating the long-term outcomes of interventions for AK. AK are regarded as precursor lesions for cSCC and thus as a chronic condition requiring lifelong surveillance and treatment. Indeed, the progression of AK towards invasive cSCC is presumably slow, underlining the paramount importance of monitoring outcomes for at least 1 year after active treatment and even beyond. Hence, the most clinically relevant readout for the long-term efficacy of interventions should preferably be the prevention of cSCC formation, rather than simply achieving lesion clearance that lasts for only a few months.



Importantly, systematic reviews and meta-analyses often set the inclusion criteria to RCT due to methodological considerations and to incorporate evidence with the highest possible quality. On top of the gold-standard RCT, however, observational studies with large sample sizes and long observation periods, including phase IV trials, post-marketing surveillance studies, and non-interventional studies, are also valuable sources of data on efficacy and safety outcomes that may provide real-world evidence [47]. The recently published post-marketing surveillance trials LEIDA 1 and 2 compared diclofenac 3% gel to imiquimod 5% cream regarding their long-term clinical outcomes for 36 months [42]. The primary endpoints were the treatment-induced inhibition of histological change to grade III AK and the occurrence of invasive cSCC in the treated areas. Importantly, grade III AK do not represent a marker of severity in the sense that the progression risk is higher; thus, the choice of this endpoint remains questionable. Moreover, these endpoints require a histopathologic assessment of lesions, which may not be performed in other trials, as well as patient care outside of trials, as a diagnosis of AK is usually made on clinical grounds. Interestingly, the short-term clearance and long-term treatment outcomes were discordant in the LEIDA trials, underlining the importance of using a longer follow-up period even after initial clearance [42]. Additionally, a histological assessment of the same lesion is not possible in long-term studies, which limits comparison. Moreover, AK may vary within the biopsied lesion substantially. Overall, inter-rater reliability is not very good in either clinical or histological studies [32]. Therefore, the target parameter of avoiding invasiveness is better and more useful for evaluating long-term efficacy. Nevertheless, observational studies such as post-marketing surveillance trials and non-interventional studies represent an important source of data on the long-term results of interventions for AK, and we advise including evidence from these trials in clinical decision making and guideline development.





4. Risk Groups Need Regular Surveillance


Special risk groups such as organ transplant recipients (OTR) and other chronically immunosuppressed people, as well as those undergoing regular dialysis, have an increased risk for the development of AK and cutaneous malignancies. The natural course of AK is less favorable in these high-risk populations, and spontaneous resolution is less likely to occur, as is proposed in immunocompetent populations [19]. Hence, careful post-transplant monitoring with the early and consequent treatment of AK and other precancerous lesions is warranted. Thus, OTR should regularly undergo a professional complete skin examination and be treated if AK become manifest. However, until now no recommendation regarding the appropriate time interval or organization of surveillance exists, so such surveillance needs to be performed according to the physician’s expertise.



Nevertheless, the prevention of new lesions represents an important strategy for this subgroup. Sunscreen and protection against UV radiation are believed to be effective for the chemoprevention of AK. Other approaches include nicotinamide and retinoids such as oral acitretin and isotretinoin [48,49,50]. Moreover, several studies exist investigating the prevention of AK, cSCC, and non-melanoma skin cancer using, for example, conventional or daylight photodynamic therapy in meta-analyses or RCT [51,52]. Both studies demonstrate the efficacy of PDT in the prevention of AK in OTR. However, the sample used in the RCT was relatively small and included only men, which reduces the generalizability of these results.



Other high-risk groups include, for example, patients with two or more keratinocyte carcinomas in the previous 5 years, as investigated in the randomized, double-blinded, placebo-controlled Veterans Affairs Keratinocyte Carcinoma Chemoprevention (VAKCC) trial [46,53]. Here, 932 veterans applied either topical fluorouracil 5% cream (n = 468) or vehicle control cream (n = 464) to the face and ears twice daily for up to 4 weeks. Besides clearance rates, this trial also investigated as an adjunct outcome the number of participants with ≥1 new AK in 6-month intervals up to 36 months. The calculated incidence rates were consistently higher for the vehicle control cream group than for the 5-fluorouracil group at all time points [53]. Thus, 5-fluorouracil is not just an effective intervention for the initial treatment of AK but also for the prevention of AK up to 36 months.



Surveillance is a significant pillar in the holistic perspective on the treatment of the individual patient affected by AK. Thus, high-risk patients such as OTR should undergo regular surveillance like low-risk cSCC patients.




5. Other Important Long-Term Outcomes: Safety and Cosmesis


The long-term safety of the interventions is difficult to assess, as most interventions are accompanied by side effects that are typically transient in nature [54]. They usually occur immediately after or during treatment, for example, patients undergoing conventional PDT oftentimes perceive the treatment as painful. Nevertheless, the side effects rarely persist over several months. In some cases, however, adverse events may lead to permanent restrictions or an impaired appearance after the end of treatment. This especially includes scarring as well as the patient’s cosmetic outcome in general. Cosmesis, defined as the subjective cosmetic appearance of the patient after treatment, is an endpoint that may be evaluated by both observers and patients. Cosmetic appearance is determined by changes in skin texture (e.g., tactile roughness), pigmentation, or scarring. To determine long-term results regarding cosmesis, the occurrence of dyspigmentation (hyper- or hypopigmentation) and an improvement of the global response, both measured as dichotomous outcomes, are possible.



Indeed, adverse events such as the occurrence of skin cancer are of paramount importance and may even lead to withdrawals of established topical interventions, as has been recently shown for IMB gel [55,56]. At the beginning of 2020, the European Medicines Agency (EMA) recommended suspending the use IMB, because a post-marketing analysis revealed a higher occurrence of NMSC with IMB compared to imiquimod 5% cream (3.3% vs. 0.4%) [55,56]. Moreover, a pooled analysis revealed a higher incidence of benign skin tumors in patients treated with IMB in comparison to the vehicle (1.0% vs. 0.1%). Furthermore, a higher incidence of NMSC, including basal cell carcinoma, cSCC in situ (Bowen’s disease), and cSCC was also observed compared with the vehicle in four clinical trials with ingenol disoxate (an ester related to IMB) in 1234 patients (7.7% vs. 2.9% of patients) [55,56].



Although the data have not been published in full until now, the EMA currently recommends suspending marketing authorization for IMB in Europe as a measure of precaution. This underlines the high relevance of post-marketing surveillance trials in the detection of long-term results and safety signals, as well as the use of regular surveillance to monitor such adverse events.




6. Conclusions


Identifying the most appropriate endpoint and adjunct time points for determining the long-term results of interventions for AK remains a challenge. Mostly, participant- or lesion-specific recurrence rates or sustained clearance rates after a follow-up of 12 months of treatment are reported in the literature. However, this time frame is insufficient to capture the true long-term efficacy of treatments and the progression rates to cSCC. Thus, prospective trials with longer periods of follow-up are urgently needed to observe the efficacy of AK interventions and monitor irreversible side effects. Certainly, it would be useful to follow up with patients for longer to obtain long-term results. However, this may not be feasible from a practical perspective and also not cost-efficient given the small transformation rate of AK into cSCC in the vast majority of patients. Thus, it is especially important to identify those patients at increased risk for the transformation of AK into cSCC. As reliable prediction tools are currently lacking, future research is urgently required in order to identify better risk-stratified surveillance strategies. Besides this, treatment-resistant AK should be monitored carefully, as they might pose a potentially greater risk of progression to cSCC [57]. Nevertheless, post-marketing surveillance trials represent an important source of evidence in the detection of long-term results and safety signals and should be promoted.







Author Contributions


Conceptualization, T.S. and M.V.H.; methodology, T.S. and M.V.H.; resources, C.B.; writing—original draft preparation, T.S. and A.W.; writing—review and editing, M.V.H., A.P., C.B., L.S. and T.D.; supervision, C.B. and M.V.H.; project administration, C.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Conflicts of Interest


C.B. has been a member of the advisory boards of and/or received speaker’s honoraria from Almirall Hermal, Leo Pharma, MSD, Pierre Fabre, and Sanofi. L.S. has been a member of the advisory boards of Almirall Hermal, and received speaker’s honoraria from Almirall Hermal, Biofrontera, Galderma, Mylan, Pierre Fabre, and Sanofi. M.V.H. has been a member of the advisory boards of Almirall Hermal, Sanofi-Aventis, and received speaker’s honoraria from Galderma and Biofrontera. T.D. has been a member of the advisory boards of Almirall Hermal, GSK, Dr. Pfleger, Galderma, Janssen-Cilag, Leo, Meda, Neracare, Novartis, Scibase, and UCB, and has received speaker’s honoraria from Almirall Hermal, Biofrontera, Galderma, GSK, infectopharm, Leo, Meda, Neracare, Novartis, Janssen-Cilag, and Riemser. The remaining authors declare no conflict of interest.




References


	



Salasche, S.J. Epidemiology of actinic keratoses and squamous cell carcinoma. J. Am. Acad. Dermatol. 2000, 42, 4–7. [Google Scholar] [CrossRef] [PubMed]

	



Moy, R.L. Clinical presentation of actinic keratoses and squamous cell carcinoma. J. Am. Acad. Dermatol. 2000, 42, 8–10. [Google Scholar] [CrossRef] [PubMed]

	



Röwert-Huber, J.; Patel, M.J.; Forschner, T.; Ulrich, C.; Eberle, J.; Kerl, H.; Sterry, W.; Stockfleth, E. Actinic keratosis is an early in situ squamous cell carcinoma: A proposal for reclassification. Br. J. Dermatol. 2007, 156, 8–12. [Google Scholar] [CrossRef] [PubMed]

	



Schaefer, I.; Augustin, M.; Spehr, C.; Reusch, M.; Kornek, T. Prevalence and risk factors of actinic keratoses in Germany--analysis of multisource data. J. Eur. Acad. Dermatol. Venereol. 2014, 28, 309–313. [Google Scholar] [CrossRef] [PubMed]

	



Berman, B.; Cockerell, C.J. Pathobiology of actinic keratosis: Ultraviolet-dependent keratinocyte proliferation. J. Am. Acad. Dermatol. 2013, 68, S10–S19. [Google Scholar] [CrossRef] [PubMed]

	



Sinikumpu, S.P.; Jokelainen, J.; Haarala, A.K.; Keranen, M.H.; Keinanen-Kiukaanniemi, S.; Huilaja, L. The High Prevalence of Skin Diseases in Adults Aged 70 and Older. J. Am. Geriatr. Soc. 2020, 68, 2565–2571. [Google Scholar] [CrossRef] [PubMed]

	



Peris, K.; Micantonio, T.; Piccolo, D.; Fargnoli, M.C. Dermoscopic features of actinic keratosis. J. Dtsch. Dermatol. Ges. 2007, 5, 970–976. [Google Scholar] [CrossRef]

	



Criscione, V.D.; Weinstock, M.A.; Naylor, M.F.; Luque, C.; Eide, M.J.; Bingham, S.F.; Department of Veteran Affairs Topical Tretinoin Chemoprevention Trial Group. Actinic keratoses: Natural history and risk of malignant transformation in the Veterans Affairs Topical Tretinoin Chemoprevention Trial. Cancer 2009, 115, 2523–2530. [Google Scholar] [CrossRef]

	



Werner, R.N.; Sammain, A.; Erdmann, R.; Hartmann, V.; Stockfleth, E.; Nast, A. The natural history of actinic keratosis: A systematic review. Br. J. Dermatol. 2013, 169, 502–518. [Google Scholar] [CrossRef]

	



Cerio, R.; Dirschka, T.; Dreno, B.; Figueras Nart, I.; Lear, J.T.; Pellacani, G.; Peris, K.; de Casas, A.R. Actinic Keratosis, a Chronic, Progressive Disease: Understanding Clinical Gaps to Optimise Patient Management. Acta Derm. Venereol. 2017, 97, 997–998. [Google Scholar] [CrossRef]

	



Werner, R.N.; Stockfleth, E.; Connolly, S.M.; Correia, O.; Erdmann, R.; Foley, P.; Gupta, A.K.; Jacobs, A.; Kerl, H.; Lim, H.W.; et al. Evidence- and consensus-based (S3) Guidelines for the Treatment of Actinic Keratosis—International League of Dermatological Societies in cooperation with the European Dermatology Forum—Short version. J. Eur. Acad. Dermatol. Venereol. 2015, 29, 2069–2079. [Google Scholar] [CrossRef] [PubMed]

	



de Berker, D.; McGregor, J.M.; Mohd Mustapa, M.F.; Exton, L.S.; Hughes, B.R. British Association of Dermatologists’ guidelines for the care of patients with actinic keratosis 2017. Br. J. Dermatol. 2017, 176, 20–43. [Google Scholar] [CrossRef] [PubMed]

	



Eisen, D.B.; Asgari, M.M.; Bennett, D.D.; Connolly, S.M.; Dellavalle, R.P.; Freeman, E.E.; Goldenberg, G.; Leffell, D.J.; Peschin, S.; Sligh, J.E.; et al. Guidelines of care for the management of actinic keratosis. J. Am. Acad. Dermatol. 2021, 85, e209–e233. [Google Scholar] [CrossRef] [PubMed]

	



Arenberger, P.; Arenbergerova, M. New and current preventive treatment options in actinic keratosis. J. Eur Acad Dermatol Venereol 2017, 31, 13–17. [Google Scholar] [CrossRef] [PubMed]

	



Ezzedine, K.; Painchault, C.; Brignone, M. Systematic Literature Review and Network Meta-analysis of the Efficacy and Acceptability of Interventions in Actinic Keratoses. Acta Derm. Venereol. 2021, 101, adv00358. [Google Scholar] [CrossRef]

	



Gupta, A.K.; Paquet, M. Network meta-analysis of the outcome ‘participant complete clearance’ in nonimmunosuppressed participants of eight interventions for actinic keratosis: A follow-up on a Cochrane review. Br. J. Dermatol. 2013, 169, 250–259. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Y.; Tang, N.; Cai, L.; Li, Q. Relative efficacy of 5-fluorouracil compared with other treatments among patients with actinic keratosis: A network meta-analysis. Dermatol. Ther. 2019, 32, e12822. [Google Scholar] [CrossRef]

	



Steeb, T.; Wessely, A.; Schmitz, L.; Heppt, F.; Kirchberger, M.C.; Berking, C.; Heppt, M.V. Interventions for Actinic Keratosis in Nonscalp and Nonface Localizations: Results from a Systematic Review with Network Meta-Analysis. J. Investig. Dermatol. 2021, 141, 345–354.e348. [Google Scholar] [CrossRef]

	



Heppt, M.V.; Steeb, T.; Niesert, A.C.; Zacher, M.; Leiter, U.; Garbe, C.; Berking, C. Local interventions for actinic keratosis in organ transplant recipients: A systematic review. Br. J. Dermatol. 2018, 180, 43–50. [Google Scholar] [CrossRef]

	



Steeb, T.; Schlager, J.G.; Kohl, C.; Ruzicka, T.; Heppt, M.V.; Berking, C. Laser-assisted photodynamic therapy for actinic keratosis: A systematic review and meta-analysis. J. Am. Acad. Dermatol. 2018, 80, 947–956. [Google Scholar] [CrossRef]

	



Heppt, M.V.; Steeb, T.; Ruzicka, T.; Berking, C. Cryosurgery combined with topical interventions for actinic keratosis: A systematic review and meta-analysis. Br. J. Dermatol. 2019, 180, 740–748. [Google Scholar] [CrossRef]

	



Steeb, T.; Niesert, A.C.; French, L.E.; Berking, C.; Heppt, M.V. Microneedling-assisted photodynamic therapy for the treatment of actinic keratosis: Results from a systematic review and meta-analysis. J. Am. Acad. Dermatol. 2020, 82, 515–519. [Google Scholar] [CrossRef] [PubMed]

	



Steeb, T.; Wessely, A.; Leiter, U.; French, L.E.; Berking, C.; Heppt, M.V. The more the better? An appraisal of combination therapies for actinic keratosis. J. Eur. Acad. Dermatol. Venereol. 2020, 34, 727–732. [Google Scholar] [CrossRef] [PubMed]

	



Bennardo, L.; Bennardo, F.; Giudice, A.; Passante, M.; Dastoli, S.; Morrone, P.; Provenzano, E.; Patruno, C.; Nistico, S.P. Local Chemotherapy as an Adjuvant Treatment in Unresectable Squamous Cell Carcinoma: What Do We Know So Far? Curr. Oncol. 2021, 28, 2317–2325. [Google Scholar] [CrossRef] [PubMed]

	



Pentangelo, G.; Nistico, S.P.; Provenzano, E.; Cisale, G.Y.; Bennardo, L. Topical 5% Imiquimod Sequential to Surgery for HPV-Related Squamous Cell Carcinoma of the Lip. Medicina 2021, 57, 563. [Google Scholar] [CrossRef]

	



Askew, D.A.; Mickan, S.M.; Soyer, H.P.; Wilkinson, D. Effectiveness of 5-fluorouracil treatment for actinic keratosis--a systematic review of randomized controlled trials. Int. J. Dermatol. 2009, 48, 453–463. [Google Scholar] [CrossRef]

	



Rahvar, M.; Lamel, S.A.; Maibach, H.I. Randomized, vehicle-controlled trials of topical 5-fluorouracil therapy for actinic keratosis treatment: An overview. Immunotherapy 2012, 4, 939–945. [Google Scholar] [CrossRef]

	



Reynolds, K.A.; Schlessinger, D.I.; Vasic, J.; Iyengar, S.; Qaseem, Y.; Behshad, R.; DeHoratius, D.M.; Denes, P.; Drucker, A.M.; Dzubow, L.M.; et al. Core Outcome Set for Actinic Keratosis Clinical Trials. JAMA Dermatol. 2020, 156, 326–333. [Google Scholar] [CrossRef]

	



Blauvelt, A.; Kempers, S.; Lain, E.; Schlesinger, T.; Tyring, S.; Forman, S.; Ablon, G.; Martin, G.; Wang, H.; Cutler, D.L.; et al. Phase 3 Trials of Tirbanibulin Ointment for Actinic Keratosis. N. Engl. J. Med. 2021, 384, 512–520. [Google Scholar] [CrossRef]

	



Jansen, M.H.E.; Kessels, J.; Nelemans, P.J.; Kouloubis, N.; Arits, A.; van Pelt, H.P.A.; Quaedvlieg, P.J.F.; Essers, B.A.B.; Steijlen, P.M.; Kelleners-Smeets, N.W.J.; et al. Randomized Trial of Four Treatment Approaches for Actinic Keratosis. N. Engl. J. Med. 2019, 380, 935–946. [Google Scholar] [CrossRef]

	



Jansen, M.H.E.; Kessels, J.; Merks, I.; Nelemans, P.J.; Kelleners-Smeets, N.W.J.; Mosterd, K.; Essers, B.A.B. A trial-based cost-effectiveness analysis of topical 5-fluorouracil vs. imiquimod vs. ingenol mebutate vs. methyl aminolaevulinate conventional photodynamic therapy for the treatment of actinic keratosis in the head and neck area performed in the Netherlands. Br. J. Dermatol. 2020, 183, 738–744. [Google Scholar] [CrossRef] [PubMed]

	



Chen, S.C.; Hill, N.D.; Veledar, E.; Swetter, S.M.; Weinstock, M.A. Reliability of quantification measures of actinic keratosis. Br. J. Dermatol. 2013, 169, 1219–1222. [Google Scholar] [CrossRef] [PubMed]

	



Ianhez, M.; Fleury Junior, L.F.; Bagatin, E.; Miot, H.A. The reliability of counting actinic keratosis. Arch. Dermatol. Res. 2013, 305, 841–844. [Google Scholar] [CrossRef] [PubMed]

	



Jiyad, Z.; O’Rourke, P.; Soyer, H.P.; Green, A.C. Assessing the Concordance of Actinic Keratosis Counts on Digital Photographs with Clinical Examination in Organ Transplant Recipients. Acta Derm. Venereol. 2017, 97, 351–353. [Google Scholar] [CrossRef] [PubMed]

	



Sinnya, S.; O’Rourke, P.; Ballard, E.; Tan, J.M.; Morze, C.; Sahebian, A.; Hames, S.C.; Prow, T.W.; Green, A.C.; Soyer, H.P. Counting actinic keratosis—Is photographic assessment a reliable alternative to physical examination in clinical trials? Acta Derm. Venereol. 2015, 95, 604–605. [Google Scholar] [CrossRef] [PubMed]

	



Dreno, B.; Cerio, R.; Dirschka, T.; Nart, I.F.; Lear, J.T.; Peris, K.; de Casas, A.R.; Kaleci, S.; Pellacani, G. A Novel Actinic Keratosis Field Assessment Scale for Grading Actinic Keratosis Disease Severity. Acta Derm. Venereol. 2017, 97, 1108–1113. [Google Scholar] [CrossRef]

	



Dirschka, T.; Pellacani, G.; Micali, G.; Malvehy, J.; Stratigos, A.J.; Casari, A.; Schmitz, L.; Gupta, G.; Athens, A.K.S.G. A proposed scoring system for assessing the severity of actinic keratosis on the head: Actinic keratosis area and severity index. J. Eur. Acad. Dermatol. Venereol. 2017, 31, 1295–1302. [Google Scholar] [CrossRef]

	



Schmitz, L.; Gambichler, T.; Gupta, G.; Stucker, M.; Dirschka, T. Actinic keratosis area and severity index (AKASI) is associated with the incidence of squamous cell carcinoma. J. Eur. Acad. Dermatol. Venereol. 2018, 32, 752–756. [Google Scholar] [CrossRef]

	



Steeb, T.; Heppt, M.V.; Becker, L.; Kohl, C.; French, L.E.; Berking, C. Long-term efficacy of interventions for actinic keratosis: Protocol for a systematic review and network meta-analysis. Syst. Rev. 2019, 8, 237. [Google Scholar] [CrossRef]

	



Steeb, T.; Wessely, A.; Petzold, A.; Brinker, T.J.; Schmitz, L.; Schoffski, O.; Berking, C.; Heppt, M.V. Long-term recurrence rates of actinic keratosis: A systematic review and pooled analysis of randomized controlled trials. J. Am. Acad. Dermatol. 2021. [Google Scholar] [CrossRef]

	



Steeb, T.; Wessely, A.; Petzold, A.; Brinker, T.J.; Schmitz, L.; Leiter, U.; Garbe, C.; Schöffski, O.; Berking, C.; Heppt, M.V. Long-term clearance rates of interentions for actinic keratosis: A systematic review and network meta-analysis. JAMA Dermatol. 2021. manuscript accepted. [Google Scholar]

	



Gollnick, H.; Dirschka, T.; Ostendorf, R.; Kerl, H.; Kunstfeld, R. Long-term clinical outcomes of imiquimod 5% cream vs. diclofenac 3% gel for actinic keratosis on the face or scalp: A pooled analysis of two randomized controlled trials. J. Eur. Acad. Dermatol. Venereol. 2020, 34, 82–89. [Google Scholar] [CrossRef] [PubMed]

	



Stockfleth, E.; Meyer, T.; Benninghoff, B.; Salasche, S.; Papadopoulos, L.; Ulrich, C.; Christophers, E. A randomized, double-blind, vehicle-controlled study to assess 5% imiquimod cream for the treatment of multiple actinic keratoses. Arch. Dermatol. 2002, 138, 1498–1502. [Google Scholar] [CrossRef] [PubMed]

	



Jorizzo, J.; Dinehart, S.; Matheson, R.; Moore, J.; Ling, M.; Fox, T.; McRae, S.; Fielder, S.; Lee, J. Vehicle-controlled, double-blind, randomized study of imiquimod 5% cream applied 3 days per week in one or two courses of treatment for actinic keratoses on the head. J. Am. Acad. Dermatol. 2007, 57, 265–268. [Google Scholar] [CrossRef] [PubMed]

	



Hanke, C.; Swanson, N.; Bruce, S.; Berman, B.; Kulp, J.; Levy, S. Complete clearance is sustained for at least 12 months after treatment of actinic keratoses of the face or balding scalp via daily dosing with imiquimod 3.75% or 2.5% cream. J. Drugs Dermatol. 2011, 10, 165–170. [Google Scholar]

	



Pomerantz, H.; Hogan, D.; Eilers, D.; Swetter, S.M.; Chen, S.C.; Jacob, S.E.; Warshaw, E.M.; Stricklin, G.; Dellavalle, R.P.; Sidhu-Malik, N.; et al. Long-term Efficacy of Topical Fluorouracil Cream, 5%, for Treating Actinic Keratosis: A Randomized Clinical Trial. JAMA Dermatol. 2015, 151, 952–960. [Google Scholar] [CrossRef]

	



Steeb, T.; Wessely, A.; Harlass, M.; Heppt, F.; Koch, E.A.T.; Leiter, U.; Garbe, C.; Schoffski, O.; Berking, C.; Heppt, M.V. A Systematic Review and Meta-Analysis of Interventions for Actinic Keratosis from Post-Marketing Surveillance Trials. J. Clin. Med. 2020, 9, 2253. [Google Scholar] [CrossRef]

	



Chen, A.C.; Martin, A.J.; Choy, B.; Fernandez-Penas, P.; Dalziell, R.A.; McKenzie, C.A.; Scolyer, R.A.; Dhillon, H.M.; Vardy, J.L.; Kricker, A.; et al. A Phase 3 Randomized Trial of Nicotinamide for Skin-Cancer Chemoprevention. N. Engl. J. Med. 2015, 373, 1618–1626. [Google Scholar] [CrossRef]

	



Chen, A.C.; Martin, A.J.; Dalziell, R.A.; McKenzie, C.A.; Lowe, P.M.; Eris, J.M.; Scolyer, R.A.; Dhillon, H.M.; Vardy, J.L.; Bielski, V.A.; et al. A phase II randomized controlled trial of nicotinamide for skin cancer chemoprevention in renal transplant recipients. Br. J. Dermatol. 2016, 175, 1073–1075. [Google Scholar] [CrossRef]

	



DiGiovanna, J.J. Retinoid chemoprevention in the high-risk patient. J. Am. Acad. Dermatol. 1998, 39, S82–S85. [Google Scholar] [CrossRef]

	



Liew, Y.C.C.; De Souza, N.N.A.; Sultana, R.G.; Oh, C.C. Photodynamic therapy for the prevention and treatment of actinic keratosis/squamous cell carcinoma in solid organ transplant recipients: A systematic review and meta-analysis. J. Eur. Acad. Dermatol. Venereol. 2020, 34, 251–259. [Google Scholar] [CrossRef] [PubMed]

	



Bernad, I.; Aguado, L.; Nunez-Cordoba, J.M.; Redondo, P. Daylight photodynamic therapy for prevention of new actinic keratosis and keratinocyte carcinomas in organ transplants. A cryotherapy-controlled randomized clinical trial. J. Eur. Acad. Dermatol. Venereol. 2020, 34, 1464–1470. [Google Scholar] [CrossRef] [PubMed]

	



Walker, J.L.; Siegel, J.A.; Sachar, M.; Pomerantz, H.; Chen, S.C.; Swetter, S.M.; Dellavalle, R.P.; Stricklin, G.P.; Qureshi, A.A.; DiGiovanna, J.J.; et al. 5-Fluorouracil for Actinic Keratosis Treatment and Chemoprevention: A Randomized Controlled Trial. J. Investig. Dermatol. 2017, 137, 1367–1370. [Google Scholar] [CrossRef] [PubMed]

	



Koch, E.A.T.; Wessely, A.; Steeb, T.; Berking, C.; Heppt, M.V. Safety of topical interventions for the treatment of actinic keratosis. Expert Opin. Drug Saf. 2021, 1–14. [Google Scholar] [CrossRef]

	



Bundesinstitut für Arzneimittel und Medizinprodukte (BfArM). Rote-Hand-Brief zu Picato® (Ingenolmebutat)—Ruhen der Zulassungen Aufgrund des Risikos von Malignen Hautveränderungen. Available online: https://www.bfarm.de/SharedDocs/Risikoinformationen/Pharmakovigilanz/DE/RHB/2020/rhb-picato.pdf;jsessionid=767355ADF2B76F472CEC011BA27627F5.1_cid319?__blob=publicationFile&v=1 (accessed on 20 September 2021).

	



Bundesinstitut für Arzneimittel und Medizinprodukte (BfArM). Rote-Hand-Brief zu Picato® (Ingenolmebutat): Vorsicht bei der Behandlung von Patienten mit Hautkrebsanamnese. Available online: https://www.bfarm.de/SharedDocs/Risikoinformationen/Pharmakovigilanz/DE/RHB/2019/rhb-picato.pdf?__blob=publicationFile&v=7 (accessed on 20 September 2021).

	



Schmitz, L.; Brehmer, A.; Falkenberg, C.; Gambichler, T.; Heppt, M.V.; Steeb, T.; Gupta, G.; Malvehy, J.; Dirschka, T. Treatment-resistant actinic keratoses are characterized by distinct clinical and histological features. Ital. J. Dermatol. Venerol. 2021, 156, 213–219. [Google Scholar] [CrossRef] [PubMed]








[image: Table] 





Table 1. Definitions of the long-term efficacy outcomes for AK.
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	Outcome
	Unit of Analysis
	Definition
	Measures of Data Aggregation





	Recurrence Rate
	Participants Treatment fields
	      number   of   relapsing   patients     number   of   patients   with   complete   initial   clearance      
	Pooled rates



	
	Single lesions
	      number   of   relapsing   lesions     number   of   lesions   with   complete   initial   clearance      
	Pooled rates



	Sustained Clearance Rate
	Participants Treatment fields
	      number   of   patients   with   clearance   after ,   e   . g   . ,   at   least   12   months     all   randomized   patients      
	Meta-analysis, network meta-analysis



	
	Single lesions
	      number   of   lesions   with   clearance   after ,   e   . g   . ,   at   least   12   months     all   randomized   lesions      
	Meta-analysis, network meta-analysis



	AK Count
	Single lesions
	number of lesions at a certain time before treatment vs. after treatment
	Meta-analysis, network meta-analysis
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