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Introduction: A titration within a certain therapeutic reference range presupposes a relationship between the blood concentration and the therapeutic effect of a drug. However, this has not been systematically investigated for escitalopram. Furthermore, the recommended reference range disagrees with mean steady state concentrations (11–21 ng/ml) that are expected under the approved dose range (10–20 mg/day). This work systematically investigated the relationships between escitalopram dose, blood levels, clinical effects, and serotonin transporter occupancy.

Methods: Following our previously published methodology, relevant articles were systematically searched and reviewed for escitalopram.

Results: Of 1,032 articles screened, a total of 30 studies met the eligibility criteria. The included studies investigated escitalopram blood levels in relationship to clinical effects (9 studies) or moderating factors on escitalopram metabolism (12 studies) or serotonin transporter occupancy (9 studies). Overall, the evidence for an escitalopram concentration/effect relationship is low (level C).

Conclusion: Based on our findings, we propose a target range of 20–40 ng/ml for antidepressant efficacy of escitalopram. In maintenance treatment, therapeutic response is expected, when titrating patients above the lower limit. The lower concentration threshold is strongly supported by findings from neuroimaging studies. The upper limit for escitalopram’s reference range rather reflects a therapeutic maximum than a tolerability threshold, since the incidence of side effects in general is low. Concentrations above 40 ng/ml should not necessarily result in dose reductions in case of good clinical efficacy and tolerability. Dose-related escitalopram concentrations in different trials were more than twice the expected concentrations from guideline reports.

Systematic review registration: [https://www.crd.york.ac.uk/PROSPERO/display_record.php?RecordID=215873], identifier [CRD42020215873].
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Introduction

Among the antidepressant drug class of selective serotonin reuptake inhibitors (SSRIs), escitalopram (ESC), the active S-enantiomer of racemic citalopram, shows the highest serotonin transporter (SERT) selectivity (1–3). ESC is primarily approved for the treatment of major depressive disorder (MDD) and generalized anxiety disorder. To attain optimal remission, drug monitoring guided dosing for ESC is highly recommended within a concentration range between 15 and 80 ng/ml (4). A titration within a certain therapeutic reference range (TRR) presupposes a valid relationship between the blood concentration and the therapeutic effect of a drug. However, a concentration/effect relationship has not been systematically explored for ESC (5). Furthermore, the recommended TRR deviates with mean steady state concentrations of 11–21 ng/ml that are expected under the approved dose range of 10–20 mg/day (4). Positron emission tomography (PET) studies have shown that drug concentrations in blood correlate well with SERT occupancy. Evidence was given that a target engagement of 80% SERT occupancy corresponds to clinical efficacy (6). For objective assessment of a TRR for ESC, the aims of this review were to evaluate the association between ESC blood levels (BL) and clinical outcome or BL and SERT occupancy.



Materials and methods

The systematic literature review was conducted following our previously published protocol (7) and relevant guidelines (8) including a quality control of studies and grading of available evidence (7). Four databases (MEDLINE via the PubMed interface, the Web of Science Core Collection, PsycINFO, and Cochrane Library) were screened using search terms for ESC, BL, therapeutic drug monitoring (TDM), PET and single-photon emission computed tomography (SPECT) (full search strings see Supplementary Table 1 in the Supplementary material). Our initial searches were carried out in October 2020 and were updated in March 2022 (for Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) Flowchart of study selection see Figure 1). Inclusion and exclusion criteria are presented in detail in the Supplementary material (Supplementary Table 2). Data extraction was performed according to our protocol (7). All steps were performed by two independent review authors (LE, XMH) and compared. We contacted authors of eligible trials for additional data, whenever concentration data was not complete. Our review protocol was registered on PROSPERO international prospective register of systematic reviews (CRD42020215873).
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FIGURE 1
PRISMA flowchart of study selection. From Page et al. (8).



Quality assessment of relevant studies and level of evidence

Six reviewers (LE, XMH, GH, MK, GG, MG) independently rated the quality of all included studies according to a previously reported rating instrument to assess the quality of TDM components of the studies and reporting (7). Two reviewers (TGR and XMH) rated the quality of the relevant efficacy cohort of randomized controlled clinical trials following the Cochrane risk-of-bias tool for randomized trials (RoB 2) (9). Any disagreements were resolved through discussion. Results were visualized using robvis (10). A level of evidence (7) for a concentration/effect relationship of ESC was found by consensus.



Qualitative and quantitative synthesis

Reports were identified that examined an association between ESC and clinical outcome, either efficacy or side effects. These could be qualitative or quantitative, continuous or categorical, but required a structured clinical assessment using a rating scale. Factors that influenced ESC BL in patients were extracted. Studies that reported SERT occupancy in relation to ESC BL were extracted, and 80% effective concentrations (EC80 values) were calculated from the reported 50% effective concentrations (EC50 values). For quantitative synthesis, means, standard deviations (SDs), medians, and interquartile ranges (IQR) of the relevant BLs were assessed. Means and SDs of C/D ratios were selected. Data were either extracted from the manuscript or calculated manually when sufficient data was given.



Statistical analysis

A combined meta-analysis was performed using the software R (Version 4.0.3) “metafor” and “meta” package. 95% confidence intervals (CIs) were calculated from mean concentrations and C/D values. Data was combined using random-effect models based on the I2 statistic. Four quality assessment criteria that could have a potential influence on the clinical validity of a reference range were identified a priory (Q2b “diagnosis depression,” Q3a “psychiatric comedication,” Q3b “cytochrome P450 (CYP) interfering comedication,” and Q4 “dose design”). Their impact as moderating factors on mean BLs were investigated by subgroup analyses of studies rated sufficient or insufficient on those criteria if a minimum of three records were available. Linear regression analysis was used to display the relationship between ESC dose and ESC BL.



Study overview

For initially identified 647 articles excluding duplicates, 590 papers were rejected after reviewing title/abstract. Another 26 articles were excluded after full text screening, resulting in the inclusion of a total of 31 articles (11–41) (Figure 1), published between 2006 and 2021 (see Supplementary Table 3 for study details). Two articles reported results from the same study cohort (14, 15), resulting in a total of 30 studies. Most excluded studies did not report ESC blood concentrations, did not relate to substance, or did investigate non-human subjects. Included studies investigated ESC blood concentrations in relationship to clinical effects (9 studies), or moderating factors on ESC metabolism (12 studies), or SERT occupancy (9 studies).



Risk of bias rating

General quality criteria for the TDM component were assessed for all 30 studies as shown in Supplementary Table 4 and Supplementary Figure 1. None of the studies was able to fulfill all TDM quality criteria. The most frequently missed criterion was “dose design” (Q4) due to flexible dosing in naturalistic settings. The second most frequently missed criterion was multiple concentration measurements (Q7a), whereas “sufficiently broad concentration range” (Q7b) was sufficient in most studies. “Comedication” (Q3) was rated as insufficient in 14 studies, mostly because of missing information. Most studies were retrospective in nature and included a heterogeneous patient sample according to “diagnosis” (Q2b). The majority of concentration/metabolism studies failed to select patients according to psychiatric classifications and the associated classification system, whereas the other study types usually did (Q2a). “Representativeness of the patient sample” (Q1) was not met by reason of healthy subjects in most of the included neuroimaging studies. Due to patient selection based on a genotype database, this criterion (Q1) was also not met in half of the concentration/metabolism studies, while most of the concentration-effect studies were able to meet. The analytical method (Q5) was rated as insufficient in 9 studies because description was insufficient or no validated analytical method was used. Sampling time (Q6b) and steady state (Q6a) were reported in the majority of selected studies. Study type specific quality assessment scores (ST scores) for cohort studies ranged from 3 to 10 (with a maximum score of 10), for cross sectional studies from 4 to 7 (with a maximum score of 8) and randomized controlled studies were assessed with some concerns to high risk of bias (results shown in Supplementary Tables 5–7 and Supplementary Figure 2).




Results


ESC concentration/efficacy relationship

Eight studies measured disease severity using psychiatric rating scales (11–14, 16–19). Out of these, two were open-label, randomized controlled trials, one was an observer-blinded randomized controlled trial, four were prospective cohort studies, and one was a cross-sectional study. Two studies did not report or investigate a concentration/effect relationship (16, 18). From the six remaining studies, a correlation between ESC blood concentration and response was only demonstrated by two studies of moderate (11) and high (14) risk for bias. A prospective cohort study by Florio et al. found larger improvement in Hamilton rating scale for depression version 21 (HAMD-21) from baseline with increasing ESC BLs as primary outcome after 3 months of constant dosing (study rating score of TDM component (TDM score) 9/10; ST score 5/10) (11). Notably, drug concentrations well below 10 ng/ml were preserved in their sample despite a flexible dosing design. The authors reported an optimal efficacy between 20 and 40 ng/ml, however, the use of a quadratic function to depict a concentration efficacy relationship has been criticized in the past (42). Using the original data, a threshold concentration was calculated that is able to separate responders from non-responders. The ROC curve (AUC 0.817) revealed a threshold concentration of 20.5 ng/ml (p < 0.05, Supplementary Figure 3). The second study by Hodgson et al. found a negative linear relationship between ESC blood concentration group defined by CYP2C19 genotypes and antidepressant response by Montgomery–Åsberg Depression Rating Scale (MADRS) at high ESC concentrations (TDM score 7/10; high risk) (14). However, when drug dose was included as a covariate in the analysis, this significant association between response to ESC treatment and serum concentrations of the drug disappeared (14). The four remaining studies failed to demonstrate a concentration-response relationship (12, 13, 17, 19). No systematic review or meta-analysis on the relationship between ESC blood levels and therapeutic response were available. As a result, the level of evidence for the relationship between ESC blood concentration and response is “low” (Level C).



ESC concentration/side effect relationship

Five studies were identified that evaluated side effects during ESC treatment (Table 1). Of these, two were prospective cohort studies, two were randomized, controlled trials, and one was a cross-sectional study. One study investigated patients after ESC discontinuation and was excluded from analysis (20). Of the remaining studies, one study of high risk for bias (TDM score 8/10, ST score high risk) has found the expected relationship between side effects and ESC blood level (15). As part of a 12-week open-label part-randomized study, Hodgson et al. reported a correlation between dry mouth and increasing ESC blood level after week 8 (15). However, the ESC blood level did not predict the total number of adverse drug reactions (ADRs) in this study. Kuo et al. demonstrated a correlation between ESC metabolic ratios and specific side effects (12). One study could not demonstrate a relationship between the frequency of ADRs and ESC blood level (13). Overall, the evidence for the concentration/side effect relationship is low to absent (dry mouth; level low C).


TABLE 1    Studies investigating efficacy and/or side effects of ESC treatment, sorted by relevance.
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ESC concentration/serotonin transporter occupancy relationship

Nine studies were identified that investigate ESC BL in relation to SERT occupancy in the human brain (33–41). Of these, five were prospective cohort studies and four were randomized, controlled trials. Four SPECT studies could not be further considered due to methodological limitations using non-selective radiotracers (36, 37, 40, 41). The remaining five PET studies suggest that there are significant relationships between SERT occupancy and both ESC dose and BL. Two PET studies did not report EC50 or EC80 values (34, 39). Two of three remaining studies used single doses in healthy volunteers (33, 35) whereas in one study steady-state concentrations were achieved in patients with depression (38). Despite differing dose regimens and patient samples, the estimated EC80 values from the remaining three PET studies are quite consistent with a range between 16 and 18 ng/ml (Table 2) (33, 35, 38). One of the neuroimaging studies investigated transporter occupancy in regard to clinical effects but was not able to demonstrate an association between treatment response and SERT binding or SERT occupancy after 3 weeks of ESC administration (38). Previous work has suggested the EC80 value being related to the onset of antidepressant effects (6).


TABLE 2    EC80 values from neuroimaging studies.
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Factors influencing ESC blood level

Twelve studies were identified that reported ESC concentrations and the influence of potential moderating factors shown in Table 3 (21–32).


TABLE 3    Factors influencing ESC serum concentration (SC).
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CYP2C19 genotyping

Six studies showed an association between ESC BL and CYP2C19 metabolism (25–29, 32). Four studies showed an increase in ESC BL (dose-corrected and non-dose-corrected) of up to 90% and 470% in patients carrying heterozygous and homozygous non-functioning CYP2C19 alleles (either *2, *3, or *4 alleles), respectively (25–28).



Sex

Another six studies examined the effect of sex on ESC BL (21–23, 25, 31, 32). Three of them reported an effect of sex on ESC blood concentrations (21, 23, 32), while three did not (22, 25, 31). Two studies found a 9 and 40% higher ESC BL in women, respectively (21, 23). One study found an 80% higher C/D ratio in women vs. men (32).



Age

Six studies examined the effect of age on ESC BL (21–23, 29, 31, 32), four of which found an association (21, 22, 29, 32), while two did not (23, 31). In one study, older age correlated with higher ESC dose-normalized BL (22). Another study showed a 91% increase in ESC BL in subjects over 65 years of age compared to subjects under 65 years of age at 10 mg/day (21). One study compared the C/D ratio in elderly (>65 years) with younger (<65 years) patients, which was increased by an average of 40% in the elderly (not significant for CYP2C19 low metabolizers) (32). Analysis of covariance in one study showed a correlation of CYP2C19 genotypes and age with the steady-state ESC BL (29). A linear regression analysis from another study showed no influence of age on the ESC BL (23). Another study found no significant difference in mean dose-corrected ESC BL between patients over 60 and patients under 60 (31).



Body weight

Four studies found no effect of body weight on ESC BL (22, 24, 29, 30).



Smoking

One study found an effect of smoking on ESC metabolism (23), reporting a 24% lower ESC BL in smokers compared to non-smokers.



Comedication

One study examined concomitant medications (heterogeneous group of different central nervous and somatic drugs) that did not interact with ESC metabolism (22). However, this study showed that women taking oral contraceptives (different substances) had a lower metabolic ratio compared to women of the same age not using contraception (22).




Dose/concentration relationship

Four TDM studies reported a linear correlation between ESC dose and BLs (21–24). Mean C/D ratios across four studies carried out in a naturalistic setting with multiple diagnoses ranged between 1.09 and 2.47 (ng/ml)/(mg/day) (Table 4). Linear regression analysis showed that mean doses did not correlate with mean concentrations across 12 studies (p = 0.07) (data not shown).


TABLE 4    Expected ESC concentration [ng/ml] based on combined mean C/D ratio.
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Population-based target concentration range for ESC

Of 31 studies, 12 studies could be included in a quantitative synthesis (11–14, 17, 21–24, 30, 31, 40). 19 studies were excluded due to (i) antidepressant discontinuation, (ii) diagnosis other than depression, (iii) insufficient data reports, (iv) patients from genotype databases or genotype studies, (v) healthy sample cohort, (vi) same subject collective, and (vii) sampling at peak level. Across 12 studies a mean dose of 16 mg/day resulted in a combined mean ESC concentration of 31 (27, 36) ng/ml (n = 5,031, Q = 580.3, p < 0.0001, I2 = 97.6%, T2 = 57.7) (p ≤ 0.05, 95% confidence interval, Figure 2). Subgroup analysis could be performed with three predefined quality assessment criteria, since at least three studies per subgroup were available. Subgroup analysis for “dose design” could not be performed due to insufficient number of studies. Subgroup comparisons of “diagnosis depression,” “psychiatric comedication,” and “CYP interfering comedication” did show no significantly different mean drug concentrations between groups. Across 7 studies (11–13, 21–24), combined median ESC BL was 23.7 with an interquartile range of 15 and 39 ng/ml (n = 4,295, Q = 434.1, p < 0.0001, I2 = 96.6%, T2 = 37.0) (Figure 3). Two studies reported median and interquartile blood levels from responders treated with oral ESC under flexible dosing (11, 13). Interquartile ranges (median) of responders were 21–44 (29) ng/ml (n = 360), and 24–54 (36) ng/ml (n = 34), respectively.
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FIGURE 2
Combined mean ESC concentrations, n = 5,031.
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FIGURE 3
Combined ESC mean ± 1 SD and interquartile concentration ranges, n = 4,295.





Discussion

The present work systematically explored concentration efficacy assumptions for the antidepressant drug escitalopram following a guideline-like methodology. Evidence for concentration/efficacy relationships of psychotropic drugs are in general low. This holds also true for the antidepressant drug escitalopram. None of the studies included in the present review examined a therapeutic reference range for ESC.

Our findings revealed an IQR (25–75%) of ESC concentrations across seven studies (n = 4,295) that is 15–39 ng/ml (trough levels 24 h after drug intake). While reporting a similar IQR range in the total sample (15–37 ng/ml), one study reported an IQR for responders of 24–54 ng/ml (11). Corresponding ROC analyses using 70 patients with depression of the beforementioned study (11) revealed a threshold concentration of 20.5 ng/ml for antidepressant response. Based on these findings, we suggest a lower threshold of 20 ng/ml for ESCs’ therapeutic reference range. Imaging studies consistently show that concentrations above 17 ng/ml will result in an adequate SERT occupancy above 80% (33, 35, 38).

For the upper threshold of ESCs’ reference range, we report a concentration threshold of 40 ng/ml that rather reflects an optimum in antidepressant response than decreased tolerability. 75% of all patients included in our metaanalysis showed drug concentrations below this threshold. As escitalopram is well tolerated with blood levels exceeding 40 ng/ml, serum concentrations above the upper threshold do not require a dose reduction in case of good clinical response and tolerability. Side effects seem not to limit ESC drug treatment, although the effect of increasing ESC BL on corrected QT (QTc) interval is controversially pointed out (43, 44). To sum up, we suggest a target range between 20 and 40 ng/ml for ESC drug monitoring during maintenance therapy (lower limit corresponds to 50% HAMD-21 improvement after 3 months with stable clinical effects).

The interpretation of highly varying dose-related concentration ranges raises questions. Firstly, dose corrected concentrations widely vary among studies (Table 4). A clear relationship cannot be established, not least due to highly varying sample compositions in terms of ethnicity, CYP2C19 polymorphisms, age and sex (Supplementary Table 8). This gives a strong indication for TDM of ESC, especially during dosing phases. An evident gap exists between real world dose-corrected concentrations and guideline reports (up to 2.47 vs. 1.05). Thus, at least in real world settings, ESC concentrations seem to vary strongly, but in general mean BLs will lie within the recommended efficacy range suggested in this work. Dose adaption might be required in elderly persons, in women, and in CYP2C19 poor metabolizers (Table 3).

A suggested reference range is strongly limited by the quality of the underlying study design that highly varied among studies. The presented information was mostly extracted from naturalistic TDM studies or small non-controlled studies. Since blood concentration measures are not prerequisite in drug approval, information from large pharmaceutical sponsored clinical trials were lacking. High quality randomized controlled trials investigating concentration efficacy relationships are missing as well as studies using a placebo lead-in phase. The inclusion of placebo responders might result in artificial concentration/effect relationships (14, 15) and in general altered mean and median BLs, expectedly toward lower values. Three studies comprising solely genotyped patients showed untypically low or high mean ESC BL and were therefore excluded from quantitative synthesis.

The present work aimed at providing a comprehensive overview of the efficacy and safety of ESC with regard to blood concentration ranges. As our primary focus is a concentration/effect relationship, we did not consider dose/response studies although these could have been provided additional insights, especially in regard to the upper limit of ESC, which might rather be related to a ceiling effect than to drug safety. There have been regulatory warnings for both citalopram and escitalopram on QT prolongation regardless of CYP2C19 phenotype (45). Studies investigating QT prolongation and incidence of QT prolongation/ADR (43, 44, 46) might in the future be considered to establish a laboratory alert level.



Conclusion

Based on our results, we suggest a target range of 20–40 ng/ml for ESC’s antidepressant efficacy. The lower level hereby indicates a threshold for antidepressant response in maintenance therapy that is strongly supported by neuroimaging findings. Since the incidence of adverse drug reactions in ESC-treated patients was low to not quantifiable, the upper level of ESC is most likely best described by a maximum in clinical response (ceiling effect). A titration in concentration ranges above 40 ng/ml will most likely not result in a further increase in response in patients with insufficient response. However, concentrations above this range seem in general safe and should not lead to dose reductions in case of good response and tolerability.

Dose-related ESC concentrations measured in the different trials were more than twice the concentrations that would be expected for the given doses (4). Further clinical trials are needed to clarify this inconsistency.
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