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Article 

Treat-and-Extend as a Threshold Search Problem—A 
Deterministic Model of Injection Interval Strategies 
Kevin Gallagher 

Cwm Taf Morgannwg University Health Board, Llantrisant, Wales CF72 8XR, UK; 
Kevin.gallagher@wales.nhs.uk; ORCID ID: 0000-0002-7751-5569; tel.: 01443 443 443 

Abstract 

Background and Objective: Treat-and-extend(TREX) dosing is widely used for anti-VEGF therapy 
in macular disease but no principled basis exists for choosing interval-change rules. We frame TREX 
as a threshold-search problem and compare rules in terms of search efficiency and overshoot. 
Patients and Methods: A deterministic model represented TREX as a threshold search for the true 
maximum dry interval(Tmax) on a 1-week grid(4–16 weeks). Four rules were 
evaluated:+2/−2,+4/−2,+4/−4 with midpoint refinement, and a midpoint binary-like rule. Visits to 
maintenance interval and overshoot metrics were calculated for each rule and Tmax. Results: No single 
rule was optimal. The +2/−2 rule minimised overshoot (maximum 2 weeks) but required most visits. 
The +4/−2 rule was fastest. In long-durability eyes, midpoint search matched +4/−2 in speed with 
overshoot comparable to +2/−2. Conclusion: Framing TREX as a threshold search makes the speed-
overshoot trade-off explicit and provides a principled basis for choosing and justifying interval-
change rules. 

Keywords: age-related macular degeneration; anti-VEGF; treat and extend 
 

Introduction 

Anti-VEGF agents are the mainstay of treatment for several retinal diseases, but treatment 
burden at both patient and service levels is high. Various dosing strategies have been used, including 
fixed-interval dosing, pro re nata (PRN) treatment, and treat-and-extend (TREX)[1–3]. In TREX, the 
interval between injections is increased while disease activity remains controlled, and shortened 
again if activity recurs. The aim is to reduce clinic and injection burden while maintaining disease 
control [2,3]. 

In routine practice, different interval-change rules are used. Historically, 2-week interval 
changes have been common. Trials such as ALTAIR have shown that 4-week extension rules can be 
employed safely and that a maintenance interval can be reached with fewer steps than with 2-week 
extensions [4]. Other trials have shown safety and efficacy using an initial 8-week extension after 
loading doses [5]. Although these trials show that longer extension strategies work, they do not 
provide a principled basis for choosing between rules or evaluating novel strategies. With newer 
longer-acting agents permitting extensions to 24 weeks, larger interval changes may be used. For 
example, the posology for 8 mg Eylea allows interval adjustments of 8-16 weeks "at clinician 
discretion". This delegates extension rule selection to the clinician but without criteria to guide that 
choice [6–8]. 

How should different extension rules be chosen, compared, justified, or criticised? On what basis 
should a clinician choose 2-week rather than 4-week or longer increments? We suggest these 
questions become clearer if TREX is viewed as a threshold-search problem. Threshold search is 
already familiar in ophthalmology. In automated perimetry and visual acuity testing, prior 
information such as age-matched norms or previous responses speeds up threshold estimation. In 
pan-retinal photocoagulation, laser power is titrated upward while balancing speed of titration 
against the risk of an overly intense burn. TREX is analogous. Once disease control has been achieved 
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after loading, the clinician knows the eye is controlled at a short interval but does not know the 
longest interval that will still maintain control. Each interval extension therefore tests for that 
unknown threshold between continued control ("dry") and recurrence ("wet"). 

Framed in this way, different TREX rules can be understood as different search strategies for the 
dry/wet threshold. These rules can then be compared in terms of the trade-off they create between 
the speed of finding a practical maintenance interval and the risk of overshooting beyond the disease-
controlling interval. The purpose of this paper is to describe the underlying structure and decision 
logic of the interval-selection problem. It is not intended to provide a biologically complete model of 
macular disease behaviour, nor to validate or recommend a specific TREX regimen. We developed a 
deterministic model of the TREX search phase under simplified assumptions to compare example 
search rules on these metrics. 

Methods 

This was a deterministic modelling study and did not involve human participants, human-
derived data or animals. Institutional Review Board approval was therefore not required. 

We modelled the following typical clinical pathway during the initial TREX search phase. A 
patient has received a course of loading doses at 4-week intervals and disease stability has been 
achieved. The interval between injections is then increased while disease remains controlled, up to a 
pre-defined maximum interval (16 weeks in the present model). If disease activity recurs at any point, 
the injection interval is shortened to re-establish control, and treatment is then continued at a disease-
controlling interval (maintenance interval). In clinical practice, the gap between the interval at which 
disease activity first recurs and the maintenance interval is usually small, typically 1–2 weeks (the 
maintenance interval is defined formally below). Once this maintenance interval is identified, the 
modelled search pathway for that eye is considered complete. In routine clinical practice, eyes are 
often re-extended after a period of stability at the maintenance interval to test whether longer 
intervals can be tolerated. The purpose of the study was to model the initial search phase of TREX. 
The subsequent maintenance phase or later re-extension after a period of stability were not modelled.   

Model assumptions: 

1. Eyes were assumed to be dry/stable after 4-week loading injections. 
2. Each eye was assumed to have a true maximum dry interval (Tmax), unknown to the clinician at 

the outset of treatment, representing the "dry" boundary of the dry/wet threshold. 
3. Tmax was assumed to be fixed during the initial search phase. 
4. Disease activity was assumed to recur immediately once Tmax is exceeded. For example, if Tmax is 

10 weeks and the tested interval is 12 weeks, overshoot is calculated as 2 weeks. 
5. Once injected, disease control was assumed to be immediate. 

These assumptions simplify the biology to clarify the structure of the search problem. 
The shortest interval at which recurrence was observed was denoted iw (shortest wet interval) 

and the longest dry interval id. At the start of TREX, id = 4 weeks and iw was undetermined. Each 
observation updated id or iw accordingly. 

The maintenance interval (M) was the point at which the dry/wet threshold had been bracketed 
such that iw - id ≤ 2 weeks. A gap of 2 weeks was chosen as this represents a clinically meaningful 
degree of threshold resolution.  At this point the patient is maintained at id (id = M) as any interval 
longer than id has already been shown to result in disease recurrence.  

TREX search rules evaluated 
Four rules were evaluated to demonstrate that the framework supports explicit comparison 

between TREX rules, not to recommend any particular rule. For each rule, testing continued until the 
maintenance interval criterion was met (iw - id ≤ 2 weeks). 

+2/-2 rule: Interval extended by 2 weeks when dry; reduced by 2 weeks when wet. 
+4/-2 rule: Interval extended by 4 weeks when dry; reduced in 2-week steps when wet until a 

dry interval is re-established. 
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+4/-4 rule with midpoint refinement: Interval extended by 4 weeks when dry; reduced by 4 
weeks when wet to the last dry interval, followed by a single midpoint refinement step testing the 
interval halfway between the last dry and first wet. 

Midpoint (binary-like) rule: The next interval is the integer midpoint of the current search 
bracket [id, iw], with initial bounds [4, 16]. Dry observations update id; wet observations update iw.  

Because the model uses a 1-week grid, and test intervals were restricted to integer values, exact 
halving was not always possible. As such this rule was considered binary-like rather than a pure 
binary search.  Where no integer midpoint exists, a 2-week step is taken followed by a 1-week 
refinement if needed. Figure 1 shows example pathways for each rule for Tmax = 8 weeks. The full 
deterministic pathways for all values of Tmax are provided in Supplementary file 1. 

 

Figure 1. Example paths for each strategy when Tmax = 8 weeks. For full pathways for all assessed values of Tmax, 
see supplementary file 1. The vertical dashed line shows Tmax. id and iw are the longest dry and shortest wet 
intervals, respectively. 

Binary search is a theoretically optimal threshold-search strategy for speed. In general, it 
identifies the threshold in approximately log₂(N) steps (where N is the total number of possible test 
intervals). For a 4–16-week range, this is approximately 3.7 steps, making it increasingly efficient 
compared with linear search rules (e.g. +2/-2) as the search range widens with longer-acting agents. 
Figure 2 illustrates this scaling advantage. 
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Figure 2. Threshold search strategy comparison - +2-week extensions scale linearly as the search range is 
increased. For midpoint search, each doubling of the search space requires just one additional step. 

Outcome measures 
Each TREX rule was applied deterministically to model eyes for each possible value of Tmax in 

the 4–16-week range. For each rule and each value of Tmax, we determined the number of visits (and 
therefore injections) required to reach a maintenance interval. 

Overshoot metrics 
Overshoot was treated as a process metric representing time spent beyond the disease-

controlling interval. The following metrics were calculated: 

• Maximum single overshoot - defined as the largest number of weeks by which any tested 
interval exceeded Tmax 

• Cumulative overshoot - defined as the sum, in weeks, of all overshoots at visits where the tested 
interval exceeded Tmax 

Mean, median, and range were calculated for each outcome metric across all values of Tmax 
combined. Equal weighting was assigned to each value of Tmax across the 4–16-week range as a neutral 
benchmark within the model. In biological reality, the true distribution of Tmax is likely to depend on 
the disease and anti-VEGF agent under consideration and is unlikely to be uniform across the 4–16-
week range. To explore the impact of underlying durability, performance was also stratified for eyes 
with short durability (Tmax <12 weeks) and long durability (Tmax ≥ 12 weeks). 
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Results 

Overall performance across all values of Tmax is summarised in Table 1. Stratified results for short 
(Tmax < 12 week) and long (Tmax ≥ 12 weeks) durability are summarised in Table 2.  

Table 1. Performance of four TREX search strategies across all true dry intervals (Tmax = 4–16 weeks). +4/-2 was 
fastest. +2/-2 had the least overshoot. Midpoint had the highest overshoot. 

Search strategy 
Mean injections to 
maintenance (n) 

Median injections to 
maintenance (n) (all 
Tmax) (range) 

Median cumulative 
overshoot (weeks) 
(range) 

Maximum single 
overshoot (weeks) 

+2/-2 4.6 5 (2-7) 1 (0-2) 2.0 

+4/-4 4.4 4 (3-6) 2 (0-6) 4 

+4/-2 3.5 3 (2-5) 2 (0-6) 4 

Midpoint  3.8 4 (3-5) 2 (0-10) 6 

Table 2. Performance of each search strategy grouped by short durability (Tmax <12 weeks) and long durability 
(Tmax ≥12 weeks). 

Tmax group Search strategy 
Mean injections 
to maintenance 
(n) 

Median 
injections to 
maintenance (n) 
(range) 

Median 
cumulative 
overshoot 
(weeks) (range) 

Maximum 
single 
overshoot 
(weeks) 

<12 weeks +2/-2 3.5 3.5 (2-5) 1.5 (1-2) 2 
  +4/-4 4.0 4 (3-5) 3 (1-6) 4 
  +4/-2 3.0 3 (2-4) 3 (1-6) 4 
  Midpoint  3.6 4 (3-4) 4.5 (1-10) 6 
            
≥ 12 weeks +2/-2 6.4 6 (6-7) 1 (0-2) 2 
  +4/-4 5.0 5 (3-6) 2 (0-6) 4 
  +4/-2 4.2 4 (3-5) 2 (0-6) 4 
  Midpoint  4.0 4 (3-5) 1 (0-2) 2 

Across the full range of Tmax, the +2/-2 rule was safest - maximum single or cumulative overshoot 
did not exceed 2 weeks - but at the cost of additional visits when durability was long. The +4/-2 rule 
was fastest (mean 3.5 visits to maintenance). The +4/-4 rule had identical overshoot metrics to +4/-2 
but was slower. The midpoint rule was similarly fast but with higher overshoot overall (maximum 
single overshoot of 6 weeks), driven by its performance in short-durability eyes. 

In short-durability eyes (Tmax <12 weeks), +4-week rules were similar in speed to +2/-2 but with 
higher overshoot. The midpoint rule performed poorly. For example, for Tmax = 4 weeks, the initial 
10-week midpoint test produced a maximum overshoot of 6 weeks and cumulative overshoot of 10 
weeks. 

In long-durability eyes (Tmax ≥12 weeks), relative rule performance shifted. The +2/-2 rule 
required approximately 60% more visits than the midpoint rule (mean 6.4 vs 4 visits) while the 
midpoint rule was fastest overall (mean 4 visits to maintenance) and showed an overshoot profile 
comparable to +2/-2. 

No TREX rule was “best” across all eyes. There is a trade-off between speed and overshoot, and 
rule performance depends on underlying durability, suggesting rule choice should be informed by 
prior expectations about treatment durability. 

Discussion 
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By framing TREX as a threshold search, common clinical “rules of thumb” correspond to simple 
algorithms with predictable, comparable behaviour. No strategy is universally optimal - each 
represents a trade-off between speed and overshoot. 

When consequences of overshoot are high e.g. aggressive disease, previous rapid reactivation, 
only-seeing eye, the +2/-2 rule is most appropriate, capping overshoot at 2 weeks. Where overshoot 
may be less consequential, such as in a retinal vein occlusion where macular edema often resolves 
promptly after interval shortening, longer extensions offer a useful compromise, arriving at a 
maintenance interval faster and with an acceptable overshoot profile.  

When 4-week extensions are used, our model shows no difference in overshoot between +4/-4 
and +4/-2, but +4/-2 reaches the maintenance interval faster. Where reactivation is minor, +4/-2 is 
therefore the more efficient choice. A larger shortening step may still be appropriate where 
reactivation is clinically significant. 

When Tmax is anticipated to be longer (e.g. using longer-acting agents (faricimab or aflibercept 
8mg))[9,10], midpoint bracketing combines fast search speed with a favourable overshoot profile. 
Our model shows midpoint search performs close to the theoretical optimum – mean 4 visits to 
maintenance versus the 3.7 predicted by binary search theory. Approaches sharing this logic have 
already appeared in practice. Patwardhan et al extended patients immediately to 12 weeks after 
faricimab loading doses, implicitly testing towards the midpoint of a presumed longer-durability 
bracket [5]. Our framework provides the theoretical basis for why this is close to optimal under 
longer-durability expectations.  

This framework is not intended as a set of specific recommendations but as a principled basis 
for comparing and justifying TREX strategies. Rather than asking whether +2 or +4-week extensions 
are "better," the question becomes: for this patient, with this disease and these consequences of 
overshoot, using this agent, which strategy balances speed and safety best? 

The model rests on the simplifying assumption of immediate disease reactivation beyond Tmax 
and immediate disease control after injection. This was chosen to clarify the structure of the search 
problem rather than to simulate disease biology. The model measures overshoot duration: the time 
spent beyond the disease-controlling interval within which all reactivation events necessarily occur. 
Although the relationships between overshoot duration, fluid recurrence, and clinical harm are 
complex and likely non-linear, overshoot is the upstream metric directly determined by rule choice 
and the outcome the search strategy directly influences. Minimising overshoot is therefore a rational 
basis for rule comparison, even if downstream consequences vary between eyes and clinical contexts. 
These assumptions are most likely to affect absolute overshoot values while the relative comparison 
between rules is more stable. 

Tmax was treated as a fixed property during the search phase. In reality it may drift over time or 
be influenced by treatment intensity. For the relatively short horizon of the search phase, this is a 
reasonable simplifying assumption. 

Equal weighting of Tmax across the 4–16-week range was used as a neutral benchmark rather than 
a realistic durability distribution. Our results show that rule performance depends on underlying 
treatment durability. Consequently, future rule choice should be improved by more accurate and 
realistic estimates of expected durability.  A companion paper in preparation addresses this using 
Monte Carlo simulation with trial-derived durability priors.  

A fundamental challenge is that Tmax is also unknown in advance - clinicians must choose a rule 
under uncertainty, drawing on disease type, agent, and trial data. Durability analyses from trials or 
local cohorts could formalise this, shifting rule choice towards an evidence-based footing. Prospective 
studies comparing rules head-to-head with pre-specified efficiency and overshoot metrics alongside 
clinical outcomes are needed to validate this modelling. Framing TREX as a threshold search provides 
a principled basis for comparing and justifying interval-change rules in routine practice. 

Supplementary content - full deterministic pathways for all values of Tmax are provided. () show 
overshoot in weeks at each interval: 
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True 
dry 
interv
al 
(Tmax
) 

+2/-2 Status:wet/dry (overshoot in weeks)   
Injections 
to 
maintena
nce 

Mean 
cumulati
ve 
overshoo
t 

Maximu
m single 
oversho
ot 

4 dry at 4 
wet at 6 
(2) 

dry at 4    2 2 2 

5 dry at 4 
wet at 6 
(1) 

dry at 4    2 1 1 

6 dry at 4 dry at 6 
wet at 8 
(2) 

dry at 6   3 2 2 

7 dry at 4 dry at 6 
wet at 8 
(1) 

dry at 6   3 1 1 

8 dry at 4 dry at 6 dry at 8  
wet at 10 
(2) 

dry at 8  4 2 2 

9 dry at 4 dry at 6 dry at 8  
wet at 10 
(1) 

dry at 8  4 1 1 

10 dry at 4 dry at 6 dry at 8  dry at 10 
wet at 12 
(2) 

dry at 10 5 2 2 

11 dry at 4 dry at 6 dry at 8  dry at 10 
wet at 12 
(1) 

dry at 10 5 1 1 

12 dry at 4 dry at 6 dry at 8  dry at 10 dry at 12 
wet at 14 
(2) 

6 2 2 

13 dry at 4 dry at 6 dry at 8  dry at 10 dry at 12 
wet at 14 
(1) 

6 1 1 

14 dry at 4 dry at 6 dry at 8  dry at 10 dry at 12 dry at 14 7 2 2 
15 dry at 4 dry at 6 dry at 8  dry at 10 dry at 12 dry at 14 7 1 1 

>=16 dry at 4 dry at 6 dry at 8  dry at 10 dry at 12 dry at 14 6 0 2                     
True 
dry 
interv
al 
(Tmax
) 

+4-4         

4 dry at 4 
wet at 8 
(4) 

dry at 4 
wet at 6 
(2) 

dry at 4  4 6 4 

5 dry at 4 
wet at 8 
(3) 

dry at 4 
wet at 6 
(1) 

dry at 4  4 4 3 

6 dry at 4 
wet at 8 
(2) 

dry at 4 dry at 6   3 2 2 

7 dry at 4 
wet at 8 
(1) 

dry at 4 dry at 6   3 1 1 

8 dry at 4 dry at 8 
wet at 12 
(4) 

dry at 8 
wet at 10 
(2) 

dry at 8 5 6 4 

9 dry at 4 dry at 8 
wet at 12 
(3) 

dry at 8 
wet at 10 
(1) 

dry at 8 5 4 3 

10 dry at 4 dry at 8 
wet at 12 
(2) 

dry at 8 dry at 10  4 2 2 

11 dry at 4 dry at 8 
wet at 12 
(1) 

dry at 8 dry at 10  4 1 1 

12 dry at 4 dry at8 dry at 12 
wet at 16 
(4) 

dry at 12 
wet at 14 
(2) 

6 6 4 

13 dry at 4 dry at 8 dry at 12 
wet at 16 
(3) 

dry at 12 
wet at 14 
(1) 

6 4 3 

14 dry at 4 dry at 8 dry at 12 
wet at 
16(2) 

dry at 12 dry at 14 5 2 2 

15 dry at 4 dry at 8 dry at 12 
wet at 16 
(1) 

dry at 12 dry at 14 5 1 1 

>=16 dry at 4 dry at 8 dry at 12 dry at 16   3 0 0                     
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True 
dry 
interv
al 
(Tmax
) 

+4/-2         

4 dry at 4 
wet at 8 
(4) 

wet at 6 
(2) 

dry at 4   3 6 4 

5 dry at 4 
wet at 8 
(3) 

wet at 6 
(1) 

dry at 4   3 4 3 

6 dry at 4 
wet at 8 
(2) 

dry at 6    2 2 2 

7 dry at 4 
wet at 8 
(1) 

dry at 6    2 1 1 

8 dry at 4 dry at 8 
wet at 12 
(4) 

wet at 10 
(2) 

dry at 8  4 6 4 

9 dry at 4 dry at 8 
wet at 12 
(3) 

wet at 10 
(1) 

dry at 8  4 4 3 

10 dry at 4 dry at 8 
wet at 12 
(2) 

dry at 10   3 2 2 

11 dry at 4 dry at 8 
wet at 12 
(1) 

dry at 10   3 1 1 

12 dry at 4 dry at 8 dry at 12 
wet at 16 
(4) 

Wet at 14 
(2) 

dry at 12 5 6 4 

13 dry at 4 dry at 8 dry at 12 
wet at 16 
(3) 

Wet at 14 
(1) 

dry at 12 5 4 3 

14 dry at 4 dry at 8  dry at 12 
wet at 16 
(2) 

dry at 14  4 2 2 

15 dry at 4 dry at 8 dry at 12 
wet at 16 
(1) 

dry at 14  4 1 1 

>=16 dry at 4 dry at 8 dry at 12 dry at 16   3 0 0                               
True 
dry 
interv
al 
(Tmax
) 

Midpoi
nt 

        

4 dry at 4 
wet at 10 
(6) 

wet at 7 
(3) 

wet at 5 
(1) 

dry at 4  4 10 6 

5 dry at 4 
wet at 10 
(5) 

wet at 7 
(2) 

dry at 5   3 7 5 

6 dry at 4 
wet at 10 
(4) 

wet at 7 
(1) 

dry at 5 dry at 6  4 5 4 

7 dry at 4 
wet at 10 
(3) 

dry at 7 
wet at 9 
(2) 

dry at 7  4 5 3 

8 dry at 4 
wet at 10 
(2) 

dry at 7  
wet at 9 
(1) 

dry at 7  4 3 2 

9 dry at 4 
wet at 10 
(1) 

dry at 7 dry at 9   3 1 1 

10 dry at 4 dry at 10 
wet at 13 
(3) 

wet at 11 
(1) 

dry at 10  4 4 3 

11 dry at 4 dry at 10 
wet at 
13(2) 

dry at 11   3 2 2 

12 dry at 4 dry at 10 
wet at 
13(1) 

dry at 11   3 1 1 

13 dry at 4 dry at 10 dry at 13 
wet at 15 
(2) 

dry at 13  4 2 2 

14 dry at 4 dry at 10 dry at 13 
wet at 15 
(1) 

dry at 13  4 1 1 

15 dry at 4 dry at 10 dry at 13  dry at 15 
wet at 
16(1) 

dry at 15 5 1 1 

>=16 dry at 4 dry at 10 dry at 13 dry at 15 dry at 16  4 0 0 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. 
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