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DYNAMIC ACCOMMODATION 
RESPONSE

In many practical situations, it is necessary to 
change accommodation rapidly as fixation moves 
between objects at differing distances. Alternatively, 
the object of interest may be approaching or reced-
ing. Thus, the dynamic, as well as the static, aspects 
of the accommodation system are of interest. As will 
be discussed below, it is striking that, although the 
amplitude of accommodation declines steadily with 
age, the dynamics of the responses within the avail-
able amplitude show only relatively minor changes 
until the accommodation breaks down completely at 
approximately age 50 years. It should be noted that 
most of the studies cited were carried out under mon-
ocular conditions of observation.

 Although Collins1 was able to continuously record 
the optical power of the eye as long ago as 1937, it was 
not until more than 2 decades later that a systematic 
investigation of the accommodation dynamics was 
carried out with the use of an infrared, continuously 
recording optometer.2 The study by Campbell and 
Westheimer2 and subsequent studies have allowed us 
to understand the major characteristics of the accom-
modation dynamics. Temporally changing stimuli 
used to explore accommodation include steps, sinu-
soids, pulses, and ramps (Figure 5-1). Some response 
characteristics to these stimuli have been found to 

vary significantly with direction of accommodation 
(near-to-far [N-F] or far-to-near [F-N]), response 
amplitude, and starting point. Most responses show 
some variation with the patient’s age. A summary of 
the results is given in the sections that follow. The 
results will be interpreted on the assumption that 
the visual system contains some form of “control-
ler,” which continuously monitors the quality of the 
perceived image of the object of interest and uses this 
information to actively adjust the accommodation to 
an appropriate level. 

ACCOMMODATION 
MICROFLUCTUATIONS

When Collins1 built the first continuously record-
ing, infrared optometer, he noticed fluctuations in the 
ocular power during nominally “steady-state” accom-
modation to an object at a constant distance. These 
fluctuations were of small amplitude and could not be 
attributed to imperfections of his recording apparatus. 
Collins thought that the fluctuations were “an abnor-
mality or a physiological variation with no significant 
purpose,” although he also recognized their potential 
for providing information about changes in image 
clarity to the accommodation controller. Later work 
found microfluctuation amplitudes of up to 0.50 D,3,4 
and a frequency spectrum with 2 distinct peaks—one 
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below 0.6 Hz (the low-frequency component [LFC]) 
and a second between 1 to 2 Hz (the high-frequency 
component [HFC]).3,5 The HFC has been linked to 
heartbeat and arterial pulse,6 and the LFC has been 
linked to pulmonary responses.7 Two mechanisms 
have been suggested to explain the origin of the HFC: 
(1) that the ciliary body changes according to its blood 
volume and thereby causes rhythmic shape changes in 
the crystalline lens or (2) that the pulse of the intra-
ocular pressure generates forces that change the axial 
position of the lens.8

Both the LFC and the overall magnitude of the 
microfluctuations have been shown to change accord-
ing to alterations in accommodation demand,9 target 
spatial frequency (SF),4 pupil size,3,5,10,11 and target 
luminance11,12 (Figure 5-2). The existence of system-
atic relationships between these stimulus charac-
teristics and the magnitude of the accommodation 
microfluctuations suggest that the microfluctuations, 
specifically the LFC, play an active role in provid-
ing negative feedback for continuous control of the 
accommodation response amplitude.5,9,12,13

It is well established that the accommodation error 
detector uses image contrast to monitor the level 
of cortical image blur within a closed-loop, nega-
tive feedback system and responds to changes in the 
level of cortical image blur to maintain image clarity. 
Recent analysis suggests that the accommodation sys-
tem monitors the maximum gradient of illuminance 
contained within the cortical image produced by a 
target and uses this information to determine the 
required direction of response.4,11 This illuminance 
gradient is reduced in some conditions (eg, when 
viewing low luminance targets), where the high SF 
information contained within a target containing a 
broad bandwidth of SFs is filtered out by the neural 
system or when viewing a low (≤1 cpd) or a high 

(≥16 cpd) SF sine-wave target.4 In all of these condi-
tions, the maximum illuminance gradient contained 
within the cortical image is shallow, and it has been 
found that the microfluctuations increase in magni-
tude (see Figure 5-2).4 Microfluctuations are thought 
to do this to provide a consistent error signal to the

 Figure 5-2. Continuous accommodation recordings while a 

patient viewed a Maltese cross target at 0.00 and 4.00 D target 

vergence9 and when the target was placed at the resting state 

of the patient’s accommodation and viewed through a 0.5-mm 

artificial pupil or at a target.

Figure 5-1. The changes 

in stimulus vergence with 

time in sinusoidal, pulse, 

ramp, and step stimuli.
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accommodation controller. In addition to a reduction 
in illuminance gradient, there is an increase in the 
depth of focus (DOF) when viewing these targets.

Some of the effects of different stimulus and view-
ing conditions are shown in Figure 5-2. The lower
2 traces show the waveforms produced when the 
microfluctuations were recorded while the patient 
observed a low luminance target and a target through 
a small pupil. In both cases, the target was placed at 
the resting state of the patient’s accommodation (ie, 
his or her open-loop level), so that the response would 
not be influenced by the target vergence. Note the rel-
atively unstable response, with low-frequency micro-
fluctuations of large amplitude. Figure 5-2 also shows 
the “steady-state” accommodation response at 2 levels 
of accommodation demand (0.00 and 4.00 D, upper
2 traces). Microfluctuations are of small magnitude 
for the 0.00 D distant stimulus but increase at 4.00 D. 

As mentioned previously, it is the LFC that is 
thought to contain the feedback information used by 
the accommodation control system.

In the case of small pupils, the microfluctuations 
appear to increase in magnitude solely in response to 
an increase in DOF.5,11 In fact, the size of the micro-
fluctuations is approximately equivalent to the DOF 
of the eye at any given time,14 and as a result we are 
not perceptually aware of the presence of the micro-
fluctuations.15

A general trend toward an increase in microfluc-
tuation amplitude with increasing accommodation 
level is noted.9,16,17 In this case, it is hypothesized that 
the increased magnitude of microfluctuations results 
from a greater movement of the lens as the lens zon-
ules relax during accommodation.9 It is not known 
whether this is noise or is under neurological control, 
because some studies report an increase in the LFC 
with increasing accommodation, and others report an 
increase in the HFC.

Continuously recording aberrometers have recently 
been developed to measure microfluctuations of the 
different aberration components of the wavefront 
error. Results suggest that defocus is the largest 
component of the microfluctuation response but 
that other wavefront aberrations are also involved.18 
However, the contribution of dynamic ocular surface 
power changes to the overall microfluctuations is 
thought to be minimal.19

Under given stimulus conditions, aging appears 
to have the effect of reducing the amplitude of all 
frequency components within the power spectrum of 

the microfluctuations.20,21 This reduction is thought 
to result from a reduced elasticity in the lens zonules 
and/or capsule.20

Accommodation

Step Responses

A “step” change in the accommodation stimulus is 
a frequently encountered situation where accommo-
dation must change abruptly to focus objects at differ-
ent distances following a change in fixation. The typi-
cal characteristics of a 2.00-D accommodation step 
response are shown in Figure 5-3. Figure 5-3 shows a 
typical dioptric accommodation response (blue curve) 
and the corresponding rate of change with time (ie, its 
velocity [red curve] for a 2.00-D accommodation step 
stimulus), the onset of which occurs at zero seconds.

Accommodation Reaction Time

As shown in Figure 5-3, dynamic accommodation 
responses are executed after a reaction time, or latency 
period, which is approximately 300 ms.22-24 Although 
reaction time does not appear to change systematical-
ly with changes in accommodation amplitude,25 diop-
tric starting point, direction of accommodation,25 and 
age,26 considerable differences are found in the values 
reported in the literature (Table 5-1). These differ-
ences are thought to reflect several factors, such as the 

Figure 5-3. A typical dioptric accommodation response (blue 

curve) and the corresponding rate of change with time (ie, its 

velocity [red curve]) for a 2.00-D accommodation step stimu-

lus, the onset of which occurs at zero seconds.
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patient’s level of alertness and the training received 
during experiments, differences in the visual stimuli 
used to elicit accommodation responses, instructions 
given to the patient, and the criterion used to define 
the onset of the response.34 The reaction time of the 
pupil to a near target (0.32 s) is longer than that to 
light (0.24 s), reflecting the longer pathways of accom-
modation and near pupil responses compared to the 
light reflex. A more recent study comparing accom-
modation and near pupil latencies found that the 
accommodation reaction time (average 0.226 s) is also 
significantly shorter than the pupil response reaction 
time (average 0.311 s).33

Accommodation Response Time

Accommodation response time, or the time taken 
to execute a response and reach a new, stable response 

level (see Figure 5-3), has been shown to depend on 
the amplitude of the F-N accommodation response,31 
summarized in Table 5-1, but not the amplitude of 
the N-F response35 or the dioptric starting point.35-37

A number of studies reported that response time 
is unaffected by age, up to approximately 40, if the 
required response lies within the available accommo-
dation range.25

Peak Velocity of 

Accommodation

The peak velocity of the accommodation response 
depends primarily on the dioptric starting point, the 
direction (F-N versus N-F) of accommodation,26,33 
and to a lesser degree on the amplitude of the accom-
modation response.31 

A������
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F-N N-F F-N N-F

Campbell and Westheimer (1960)2 0.36±0.09 0.38±0.08 0.64 0.56

Shirachi et al (1978)27 0.36 0.40

Beers and van der Heijde (1996)28
F-N>N-F

both increasing with age

Tucker and Charman (1979)25 0.29±0.07 0.34±0.13

0.75±0.31 1.18±0.54

No age-related changes

Heron et al (1999)29 0.34±0.1 0.35±0.1 0.53±0.18 0.56±0.24

Culhane and Winn (1999)30 0.25±0.15 0.24±0.15 1.06±0.32 1.44±0.44

Kasthurirangan et al (2003)31 0.2-0.5 F-N>N-F

Rucker and Kruger (2004)32

Blue

Yellow

Blue/Yellow

Blue/Yellow/LCA

0.31

0.49

0.47

0.47

0.58

0.34

0.39

0.30

F-N<N-F

Kasthurirangan and Glasser (2005)33 0.226 0.231
near range < 

far range

near range <

far range

Bharadwaj & Schor (2006)22 0.28-0.43
near range <

far range

Note: Reaction and response times are separated by direction of accommodation responses. Additional information 

relating to age and experimental conditions is provided where appropriate.

T���� 5-1. R������� ��	 R�
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Age-related changes in accommodation velocity 
appear to be a more complicated topic than one would 
predict.31 Although Heron et al26,29,38 reported that the 
peak accommodation velocity remains almost unaf-
fected by age, it has also been shown to decline with 
age under some conditions.35,39 These differences in 
conclusions seem to be due to methodological differ-
ences, where Heron et al26,32,33 studied relatively small 
responses within the patient’s existing amplitude of 
accommodation, whereas Beers and van der Heijde28 
used patients up to 55 years old and Schaeffel et al39 
used 5.00 D stimuli. Beers and van der Heijde28 sug-
gested that the reduction of accommodation velocity 
with age is due to a reduction in the viscoelastic prop-
erties of the lens itself, rather than the elastic properties 
of the lens zonules or choroid because the velocity of 
F-N and N-F steps were similarly affected by age.

Acceleration

Unlike step duration and maximum velocity, 
the acceleration characteristics have been found by 
Bharadwaj and Schor40 to be independent of step size 
for F-N steps. When investigating solely N-F accom-
modation dynamics, Bharadwaj and Schor22 demon-
strated that, for a constant near-target vergence, the 
peak acceleration was independent of step magnitude, 
although the peak acceleration became larger if the 
near target was closer, regardless of whether it was 
a larger or same-sized step. The time to peak accel-
eration was independent of all parameters. Bharadwaj 
and Schor40 found that peak acceleration in 40 year 
olds was only about half that of 20 year olds. 

Direction

With monocular viewing, monochromatic light, 
and pure defocus, the blurred retinal image is similar 
under both positive defocus (where the light is focused 
in front of the retina) and negative defocus (where the 
light is focused behind the retina). Thus, the defocus 
image blur provides no cue to the direction of accom-
modation response required (ie, it is an even-error 
cue). When only this even-error or magnitude infor-
mation is provided, accommodation step responses 
start in the wrong direction 50% of the time.41 Bour42 
found that more than 50% of steps were in the correct 
direction, but suggested that the presence of errors 
gives weight to the idea of the accommodation step 
response being primarily even-error, with secondary 
cues providing odd-error, or directional, information.

Odd-error cues to direction may be given both by 
monochromatic ocular wavefront aberration and by 
chromatic aberration (see Chapter 6). Under bin-
ocular conditions, disparity provides a further cue. 
Overshoots and oscillations in the response have been 
noted to be larger for smaller-amplitude accommoda-
tion steps—the former are thought to be bigger and 
more frequent as the near target gets closer.22

SINUSOIDAL 
ACCOMMODATION RESPONSES

When a dioptric stimulus changes sinusoidally 
with time, the accommodation system responds in a 
similar fashion as the stimulus, at the same frequency.2 
The gain of the response (ie, the dioptric amplitude of 
the response divided by that of the stimulus) decreases 
linearly with increases in temporal frequency, while 
the phase lag (ie, the fraction of the temporal period 
by which the response lags behind the stimulus, 
multiplied by 360 degrees), increases linearly.2,34,43 
The reduction in gain with increasing temporal fre-
quency for ages 20 to 50 years is replotted from Heron 
et al29 in Figure 5-4. It can be seen that the rate of 
change in gain with temporal frequency decreases
approximately 0.2 units/Hz for each decade of life 
between 20 and 50 years. 

For slow sinusoids (ie, low temporal frequency), 
the response occurs in a series of steps rather than 
following a smooth curve.2 The maximum frequency 
of oscillation for which any kind of a response is 
obtained is 2 to 4 Hz, which is essentially independent 
of age.2,38

Sinusoidal responses have been found to be most 
accurate to mid-SF targets (between 3 and 5 cpd)44—
adding a 3-cpd harmonic increases accommodation 
accuracy to a 1-cpd sinusoidally moving grating, 
although there is no change in accommodation accu-
racy when adding 9 cpd to a 3-cpd target nor 15 cpd 
to a 5-cpd grating.45 These results add weight to the 
contrast control hypothesis, where the accommoda-
tion system responds to changes in perceived retinal 
image contrast. 

Manipulation of ocular chromatic aberrations pro-
duces changes in the accommodation response to a 
sinusoidally moving stimulus over a 1.00-D range.46 
This supports the view that chromatic aberration pro-
vides an odd-error cue to guide the direction of the 
accommodation response (see Chapter 6).
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PULSES

Campbell and Westheimer2 elicited dynamic 
accommodation responses in their patients with pulse 
stimuli as short as 100 ms in duration, although the 
accommodation target had returned to its starting 
position within reaction time of accommodation. The 
authors2 concluded that accommodation employs “a 
continuous monitoring system and that an accom-
modation movement can be halted during its prog-
ress.” More recent computational models of dynamic 
accommodation24,47 generally agree with these con-
clusions, although preprogrammed steps elicited in 
all the models cannot be stopped. It appears that pulse 
stimuli of amplitude higher than 2.00 D would need 
to be tested to find operating ranges of continuous 
visual feedback and response amplitudes of prepro-
grammed step responses. 

RAMPS

Focus must sometimes be maintained on an object 
moving continuously in depth. Ramp stimuli are 
those in which the dioptric stimulus changes linearly 
with time (see Figure 5-1). Slow ramp stimuli produce 
smooth ramp responses, but fast ramp stimuli pro-
duce accommodation step responses, and intermedi-
ate velocity stimuli result in a mixture of the two.47 
This suggests that the accommodation system is com-
posed of a fast component with an element of prepro-
gramming and a second slower element, which may 
utilize feedback.47 Recently, Mucke et al48 have shown 
that high-SF information is suppressed during fast 
accommodation ramp responses >3 ms (effectively 
step responses) but not during slower ramp responses 
where active feedback is likely.

MECHANISMS OF DYNAMIC 
ACCOMMODATION RESPONSES

Feedback During a Dynamic 

Accommodation Response

Several studies examining the accommodation step 
response have modeled it with a single-step input into 
the system.28,49,50 This basic model suggests that, as 
the accommodation response becomes larger, there is 
a proportional increase in peak velocity and accelera-
tion. This theory was highly regarded until recently, 
when acceleration was measured. It was found that, 
as response increased, there was an increase in peak 
velocity but not acceleration.40 Therefore, an opposing 
theory of dual-innervation input has been hypoth-
esized, where there is an initial open-loop component 
that is independent of response magnitude, com-
bined with a second closed-loop component that is 
in proportion to the size of response.40 The results of 
the responses to ramp stimuli also suggest a 2-com-
ponent system—a fast, preprogrammed component 
combined with a slower one, utilizing continuous 
feedback.47 

Considering the influence of different SF compo-
nents in the spatial target, step responses to targets of 
varying SF content were recorded in an early study.42 
A reduction in dynamic accommodation responses to 
low and high SF targets were observed.42 The small 
reduction in response for the 1-cpd target compared 
to 4 cpd was explained by increased DOF for the lower 
SF target.42 The reduction in accuracy for the high SF 
targets was consolidated by a reduction in the magni-
tude of the step response as step size increased, which 
was explained by the fact that patients were not able 

 Figure 5-4. The mean gain as a 

function of temporal frequen-

cy of a sinusoidally moving tar-

get for patients aged 20, 30, 40, 

and 50 years. (Based on data 

compiled and replotted from 

Heron G, Charman WN, Gray LS. 

Accommodation responses and 

ageing. Invest Ophthalmol Vis Sci. 

1999;40(12):2872-2883.)
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to see the higher SF information due to the amount of 
defocus present in the larger steps.42,51 In a different 
study, responses to 4.00-D steps of ≤4 cpd sinusoidal 
grating targets were reasonably accurate, but as SF 
increased, they became less accurate until they were 
random at 16 cpd.52

From these results, it is thought that the accom-
modation system uses low SF information to guide 
that initial response and then higher SFs for accu-
rate focusing.42,52,53 In addition, the accuracy of the 
dynamic response can be increased by having chro-
matic aberration in the correct direction32,46 and 
reduced by having no chromatic aberration32 or chro-
matic aberration in which the colors are reversed.46 
Monochromatic aberrations also appear to be help-
ful, as they result in the blur of the retinal image no 
longer being the same for equal amounts of positive 
and negative defocus and hence provide an odd-error 
cue to the correct direction of accommodation (see 
Chapter 6).

Recently, it was demonstrated that dynamic ocu-
lar accommodation reduces visual sensitivity to fine 
image detail.54 Reduced visual sensitivity during 
dynamic accommodation does not occur around the 
onset of a dynamic accommodation response, but 
rather it reduces visual sensitivity as soon as a critical 
accommodation velocity is exceeded.48 These find-
ings suggest that contrast sensitivity reduction during 
dynamic accommodation may be a consequence of 
cortical inhibition driven by proprioceptive-like sig-
nals originating within the ciliary muscle, rather than 
by corollary discharge signals elicited simultaneously 
with the motor command to the ciliary muscle. In the 
future, it will be interesting to see whether changes 
in response produced by accommodating IOLs will 
provide appropriate signals to enable neural changes 
to occur.

Mechanisms Underlying 

Directional Accommodation 

Response Differences

As both biochemical and neurophysiological fea-
tures of the accommodation response are different 
during F-N and N-F accommodation, either could be 
responsible for the directional differences that exist.31 

During F-N accommodation, the ciliary body actively 
moves inward, reducing tension on the zonules and 
allowing the lens to change in shape. In N-F accom-
modation, the ciliary muscle reverts to its original 

position, causing an increase in zonular tension and 
tightening on the lens, pulling it back to a more flat-
tened shape. Near-to-far accommodation relies on 
a more passive innervational process consisting of a 
reduction in parasympathetic innervation, which is 
accompanied by an increase in sympathetic innerva-
tion in 25% to 30% of individuals.55 It is possible that, 
in an F-N step, there is a set amount of innervation 
reaching the ciliary muscle that causes a consistent 
acceleration, the velocity of the response increasing 
with larger step sizes. Another possible explanation 
is neurophysiological. Near-to-far changes in the 
accommodation response may not use negative feed-
back, as the accommodation system travels back to 
an unaccommodated or tonic accommodation level; 
in contrast, feedback is crucial to allow an accurate 
response in an F-N step.31

INTRAPATIENT AND

INTERPATIENT VARIABILITY

As alluded to earlier in this chapter, various charac-
teristics of the accommodation response have marked 
intrapatient (Figure 5-5) and interpatient variabil-
ity. Kasthurirangan et al31 found such variations in 
dynamic step responses, and between-subject differ-
ences have been found in one of the fundamental ele-
ments of the accommodation system, the sympathetic 
innervation.56 Variations in accommodation lags57 

and steps,31 as well as errors and microfluctuations 
at all levels of accommodative reading demand, have 
been found between patients.58 The interpatient vari-
abilities probably result because the main driver of 
accommodation response varies between individuals. 
For example, interindividual variations in the ocular 
aberrations and their changes with accommodation 
have been reported.59 Patients also differ in their use 
of chromatic aberration as a cue.60,61 

SUMMARY OF THE DYNAMIC 
ACCOMMODATION SYSTEM

When viewing a stationary target, accommodation 
microfluctuations occur. The accommodation system 
can respond within approximately 1 second to abrupt 
or other changes in stimulus vergence. Step changes 
have been studied in most detail, as they occur most 
frequently in everyday life. Step responses are thought 
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to be composed of 2 components. The first occurs 
when there is a large accommodation error and is a 
fast, open-loop, intermittently sampling response. 
The response is then refined using the slower, con-
tinuously sampling, closed-loop retinotopic system.

Although, as age increases, the objective amplitude 
of accommodation declines to reach essentially zero 
by the approximate age of 50 years; within the avail-
able, increasingly limited amplitude of accommoda-
tion, the speed of the response is quite well main-
tained, and the response to a step is usually completed 
within approximately 2 seconds. This sets a goal for 
the dynamic characteristics of any “active” correction 
for presbyopes, such as accommodating IOLs. This 
information needs to be considered when different 
mechanisms for producing accommodating IOLs are 
developed.
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