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Abstract 31 

Sensory receptor noise corrupts sensory signals, contributing to imperfect perception and dictat-32 

ing central processing strategies. For example, noise in rod phototransduction limits our ability to 33 

detect light and minimizing the impact of this noise requires precisely tuned nonlinear processing 34 

by the retina. But detection sensitivity is only one aspect of night vision: prompt and accurate 35 

behavior also requires that rods reliably encode the timing of photon arrivals. We show here that 36 

the temporal resolution of responses of primate rods is much finer than the duration of the light 37 

response and identify the key limiting sources of transduction noise. We also find that the ther-38 

mal activation rate of rhodopsin is lower than previous estimates, implying that other noise 39 

sources are more important than previously appreciated. A model of rod single-photon responses 40 

reveals that the limiting noise relevant for behavior depends critically on how rod signals are 41 

pooled by downstream neurons.  42 

 43 

New and Noteworthy 44 

Many studies have focused on the visual system’s ability to detect photons, but not on its ability 45 

to encode the relative timing of detected photons. Timing is essential for computations such as 46 

determining the velocity of moving objects. Here we examine the timing precision of primate rod 47 

photoreceptor responses and show that it is more precise than previously appreciated. This moti-48 

vates an evaluation of whether scotopic vision approaches limits imposed by rod temporal reso-49 

lution.  50 
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Introduction 51 

Sensory receptors provide us with the raw electrical signals that we use to learn about our envi-52 

ronment. Because of this, transduction noise – i.e. variability in the magnitude, latency and kinet-53 

ics of these signals – limits the reliability with which an organism can determine the properties of 54 

external stimuli. Thus, the relationship between sensory performance and the limits imposed by 55 

transduction noise reveals the efficiency of sensory processing and provides clues about the un-56 

derlying mechanisms (Bathellier et al. 2012; Bialek 1987; Chen et al. 2011; Faisal and Wolpert 57 

2009; Field et al. 2005).  58 

 59 

These considerations have strongly shaped the investigation of rod-mediated vision and the 60 

mechanisms that support it. More than a century of work shows that dark-adapted human ob-61 

servers can detect weak flashes of light with a sensitivity approaching the limits set by noise in 62 

rod photoreceptors (Field and Sampath 2017). Past work, however, has focused on the ability to 63 

detect photons (Barlow 1956; Hecht et al. 1942; Koenig and Hofer 2011; Sakitt 1972; Teich et 64 

al. 1982; Tinsley et al. 2016) while neglecting the accuracy with which the time of photon ab-65 

sorption is encoded. Imprecisely signaling the timing of photon absorptions will limit the ability 66 

of downstream circuits to perform critical tasks such as determining the direction and speed at 67 

which objects in the environment are moving (Billino et al. 2008; Gegenfurtner et al. 2000). Fur-68 

thermore, more accurate measures of rod noise are needed to determine if they indeed limit be-69 

havioral detection sensitivity and to understand their impact on limiting temporal precision (Field 70 

et al. 2005). 71 

 72 

Noise in rod phototransduction consists of three main sources: (1) thermal isomerization of rho-73 

dopsin (Baylor et al. 1980; Baylor et al. 1984); (2) continuous noise produced by spontaneous 74 

activation of phosphodiesterase (PDE) (Baylor et al. 1980; Rieke and Baylor 1996); and (3) sin-75 

gle photon response variability produced by trial-to-trial fluctuations(Lamb and Kraft 2016) in 76 

the active lifetime of rhodopsin (Doan et al. 2006; Field and Rieke 2002a; Gross et al. 2012; 77 

Hamer et al. 2003; Rieke and Baylor 1998). Each of these noise sources has a distinct effect on 78 

the photocurrent. For example, thermal isomerizations are rare, but indistinguishable from a light 79 

response while continuous noise has a smaller amplitude than the light response but is omnipres-80 

ent. Thus, these noise sources are likely to place different limits on detection sensitivity versus 81 
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temporal precision. Furthermore, the relative importance of these noise sources depends on how 82 

rod signals are pooled in downstream neural circuitry. For example, thermal activation of rho-83 

dopsin is a rare in a small pool of rods but becomes frequent in a pool of 10,000 rods (similar to 84 

the receptive field of some ganglion cells). Thus, understanding how transduction limits rod vi-85 

sion requires a consideration of downstream computations. 86 

 87 

Here, we show that the temporal resolution of the single photon response is ~50 ms, much short-88 

er than the ~750 ms response duration or the ~250 ms assumed integration time of dark-adapted 89 

vision (Conner 1982). We incorporate our measurements of rod noise into a model that reveals 90 

the impact of each noise source on detection and temporal sensitivity for individual and pooled 91 

rod responses. Temporal resolution is limited primarily by continuous noise with some contribu-92 

tion from fluctuations in the single photon response. For pools of rods relevant for behavior, the 93 

limiting source of noise depends on the number of rods, detection versus temporal discrimination 94 

tasks, and how rod signals are combined or pooled by readout circuits. Finally, our measure-95 

ments of rod noise indicate that the thermal activation rate of rhodopsin is about half that of pre-96 

vious estimates (Field and Sampath 2017), suggesting that additional noise sources limit behav-97 

ioral detection sensitivity.  98 

 99 

Materials and Methods 100 

Photoreceptor recordings 101 

Primate (Macaca fascicularis and Papio anubis) retinas were provided by the laboratory of D. 102 

Dacey at the University of Washington through the Tissue Distribution Program of the Regional 103 

Primate Research Center. All procedures followed the guidelines of and were prospectively ap-104 

proved by the Administrative Panel on Laboratory Animal Care at the University of Washington. 105 

Pieces of retina were obtained in a light adapted state and immediately dark-adapted for >1 hour 106 

at 37°C in bicarbonate-buffered Ames solution equilibrated with 5% CO2, 95% O2. After dark-107 

adapting, pieces of retina that were not well attached to the pigment epithelium were discarded 108 

and the remaining tissue was stored on ice in Hepes-buffered Ames. All procedures after dark 109 

adaptation were performed with the use of infrared converters. Rod outer segment currents were 110 

recorded with suction electrodes as described previously (Baylor et al. 1979a; Field and Rieke 111 
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2002a). The sensitivity, kinetics and continuous noise of rod responses from retina stored in 112 

warm bicarbonate-buffered Ames were similar (<15% sensitivity difference, <5% in kinetics, 113 

<10% continuous noise SD). 114 

  115 

During recording, cells were superfused with bicarbonate-buffered Ames solution warmed to 116 

36.5 - 37.5℃. Current collected by the suction electrode was amplified, low-pass filtered at 30 117 

Hz (8 pole Bessel) and digitized at 1 kHz. Responses to saturating and half-saturating flashes 118 

were measured periodically to check for stability. At the end of a recording, instrumental noise 119 

was isolated by exposing the cell to a bright light that eliminated the outer segment current. Only 120 

recordings in which cellular dark noise exceeded instrumental noise between 0 and 10 Hz were 121 

used in analysis. 122 

  123 

Some rods used to measure the thermal activation rate of rhodopsin were loaded with BAPTA to 124 

slow the Ca2+ kinetics, thereby increasing the signal to noise ratio of the single photon response 125 

with respect to the continuous noise. As described previously, a piece of retina was placed in a 126 

solution containing 50 µM BAPTA-AM for 20-30 minutes at 37℃ before recording (Field and 127 

Rieke 2002a). Successful BAPTA incorporation was indicated by biphasic dim flash responses 128 

(Matthews 1991). 129 

  130 

Light stimulation followed procedures described previously (Field and Rieke 2002a). Briefly, 131 

flashes 1-10 ms in duration were delivered using a light-emitting diode (LED) with peak wave-132 

length of 470 nm. Light intensities were measured using a calibrated photodiode (UDT Instru-133 

ments, San Diego CA). Photon densities (in photons/µm2) were converted to photoisomerizations 134 

(Rh*) using the collecting area estimated for each rod from the trial-to-trial variability in the re-135 

sponses, assuming that this variability was dominated by Poisson fluctuations in photon absorp-136 

tion.  137 

Single photon response isolation 138 

Single photon responses were identified and segregated from responses to zero and multiple Rh* 139 

by constructing a histogram of response amplitudes. The modes in this histogram corresponded 140 

to responses to 0 (centered at zero pA), one (centered at ~2 pA), and multiple Rh*.  Thresholds 141 
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that identified those responses most likely to be produced by one Rh* were chosen by fitting his-142 

tograms with a Poisson weighted sum of Gaussians. Control analyses indicated that at least 94% 143 

of the isolated responses were indeed single photon responses, with at most 3% contamination 144 

from responses to zero absorbed photons and 3% from responses to two absorbed photons (Field 145 

and Rieke 2002a). A small number of responses with suspected contamination from thermal 146 

noise events were discarded. 147 

  148 

The variance or covariance attributable to the single photon response was isolated by subtracting 149 

the corresponding measure for responses to 0 Rh*. This assumes that responses to 1 and 0 Rh* 150 

make independent and additive contributions to the (co)variance. To check this assumption, we 151 

sorted responses to 1 Rh* based on the current immediately preceding the flash. Neither the 152 

mean nor variance of the responses depended on the current fluctuation at the time the flash was 153 

delivered. Thus, any interdependence of the single photon response and continuous noise ap-154 

peared to be small.  155 

Thermal rate measurement 156 

Data were collected in 30 or 60 second records. Reference and saturating flashes were delivered 157 

every 2-5 min to insure stable response kinetics and dark current. At the beginning of the record-158 

ing session and every 10 to 25 minutes thereafter, a series of dim flashes were delivered at one or 159 

two flash strengths to estimate the single photon response. 160 

  161 

One objective measure of the rate of thermal events relies on the skew of the distribution of 162 

measured currents (Donner et al. 1990) (Equation 6). Three conditions must be met for this ap-163 

proach to yield reliable estimates of the thermal rate: (1) the mean value of the recorded current 164 

is zero; (2) the continuous noise is symmetrical; (3) and the single photon response is well esti-165 

mated. The first condition was met by excluding current records with large amounts of drift (>5 166 

pA) and high-pass filtering the remaining data at 0.1 Hz. This removed low frequency drift in the 167 

recording that could cause the mean current to deviate from zero. Occasional large negative elec-168 

trical artifacts a few ms in duration were excluded by computing the temporal derivative of the 169 

current record and searching for threshold crossings >0.2 pA/ms. The current values in a 10 ms 170 

window surrounding these events were set to zero. The mean fraction of time set to zero current 171 
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was 0.22% and did not exceed 0.43% in any cells. Changing the threshold from 0.15 to 0.3 172 

pA/ms decreased the estimated rate of thermal events by <1%. After removing these electrical 173 

glitches, data were low-pass filtered with a hard cutoff at 10 Hz. Changing the filter window 174 

from 0.1-10 Hz to 0.1-5 Hz increased the estimated thermal event rate by <1%. Stray light rate at 175 

the preparation, as measured with a photomultiplier tube, contributed negligibly to the measured 176 

rate of thermal rhodopsin activation.  177 

Discrimination procedures and controls 178 

Much of our analysis relied on using rod responses to discriminate between two possible stimuli. 179 

Choosing an optimal or nearly optimal approach to discrimination is critical to identify accurate-180 

ly the detection and temporal thresholds set by rod signal and noise. As described below, Fisher's 181 

linear discriminant provided a near-optimal procedure for the measured rod data. 182 

  183 

Fisher's discrimination and dimension reduction: Rod responses were classified as resulting 184 

from an early or late flash using Fisher's linear discriminant (Duda et al. 2001). Dimension re-185 

duction using principal components analysis (PCA) was performed on the ensemble of rod re-186 

sponses prior to classification. Ten principal components (PCs) were used. This number was 187 

based on two observations. First, our analysis in Figure 4 indicated that the single photon re-188 

sponses presented at a given time are well captured in a 5-dimensional space. Hence responses 189 

presented at two times will be well described in a subspace formed by concatenation of the two 190 

spaces, and this 10-dimensional space should provide a complete space for optimal discrimina-191 

tion, though it is possible that fewer than 10 dimensions are required to capture all relevant fluc-192 

tuations in the responses. Second, discrimination performance reached a plateau at ~10 dimen-193 

sions for a number of different discrimination procedures (see below).  194 

  195 

After dimension reduction, a single response was removed from the ensemble of responses for a 196 

given cell, flash strength and time offset. The remaining responses at two different time shifts 197 

were used to calculate Fisher's discriminant, and the single held out response was classified from 198 

its correlation with the discriminant. This procedure was iterated so that each response was 199 

summarized by a number, with positive (negative) numbers indicating the response was more 200 
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likely to be generated by the early (late) flash. The probability correct (ratio of correctly classi-201 

fied trials to all trials) was computed from the test set at each time offset and flash strength.  202 

 203 

Training set sample size: Discrimination performance can depend on the size of the training set. 204 

We checked for such dependence using Fisher's discriminant with sample sets of 250, 500, and 205 

1000 simulated responses. Performance between 250 and 1000 differed unsystematically by 5.2 206 

± 9% (mean and SD) averaged across time shifts. A paired student's t-test and a Wilcoxon rank-207 

sum test did not identify any differences in performance across pairs of thresholds at the same 208 

time shift (p = 0.55 and 0.80 respectively). This suggests that discrimination performance was 209 

not limited by finite data. Based on these results, training sets for calculating Fisher’s linear dis-210 

criminant used 500 responses to both early and late flashes, unless otherwise noted. 211 

  212 

Checking Fisher's discriminant performance against other parametric discrimination procedures 213 

for individual rod responses: Fisher's linear discriminant is a parametric method for discriminat-214 

ing two multivariate distributions. It is an optimal procedure when the data for both classes are 215 

normally distributed with each class having the same covariance (Duda et al. 2001). Poisson var-216 

iability in photon absorption and variability in the rod's single photon response will cause these 217 

assumptions to fail, raising the possibility that other classifiers may exhibit better performance. 218 

To check this possibility we tested three additional parametric methods: (1) a difference of 219 

means classifier (DM), (2) quadratic discriminant analysis (QDA), (3) model-based cluster anal-220 

ysis (MBCA) (Duda et al. 2001). These three classification procedures perform optimal classifi-221 

cation with increasingly more complex distributions, but in turn require more parameters to be 222 

estimated. In theory MBCA should provide the best performance because our data for each class 223 

arise from several multivariate-normal distributions with unconstrained covariance matrices. 224 

However, the number of parameters which need to be estimated for such a procedure to perform 225 

well is relatively large. Fisher's discriminant, QDA, and MBCA all performed significantly better 226 

(~30%) than DM at time shifts between 20 and 80 ms and dimensionality >4. However, Fisher's 227 

discriminant, QDA, and MBCA exhibited indistinguishable performance except at the smallest 228 

time shifts (5-20 ms) where MBCA consistently performed 10-20% less well.  229 

  230 
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We also compared the performance of Fisher's discriminant with a non-parametric classification 231 

procedure. In this procedure, responses were divided into training and test data sets. PCA was 232 

used to reduce the dimensionality of the data to 10. Variance across each dimension was normal-233 

ized to one across classes (a whitening transform). An empirical distribution for each flash was 234 

created by associating a spherical Gaussian probability density with each point in the training 235 

data set. Test data were then classified by choosing the empirical distribution with the higher 236 

likelihood for generating the test data. Performance was stable for SDs of the spherical Gaussi-237 

ans between 0.1 and 10 times the median inter-point distance. The performance of this classifier 238 

could not be distinguished from that of a Fisher classifier at training sample sets of >250 with a 239 

paired student's t-test or Wilcoxon rank-sum test (p = 0.65 and 0.80 respectively). At training 240 

sets of 1000 responses, statistical tests indicated even greater similarity (p = 0.95 and 0.96: t-test, 241 

Wilcoxon). 242 

  243 

For both parametric and non-parametric discrimination, performance was stable for frequency 244 

ranges between 5-10 Hz. Below 5 Hz, the frequency cutoffs impinged on the signal; above 10 245 

Hz, additional instrumental noise contaminated the signal. A frequency range of 0.1-6 Hz was 246 

used for discrimination. 247 

  248 

Rod pooling models 249 

To investigate discrimination for pools of rod responses, individual responses were generated 250 

using Eq. 4 (see Results). For linear pooling, each rod response in the pool was projected along 251 

the discriminant and then summed across all rods in the pool: 252 

R(t) = r(t)•d(t)
i

N

 .    (1) 253 

R(t) is the summed response, N is the number of rods in the pool, r(t) is an individual rod re-254 

sponse given by Eq. 5, and d(t) is the discriminant. If the sum of these projections was greater 255 

than zero, the response was classified as being generated by the “early” flash, otherwise it was 256 

generated by the “late” flash. If R(t) was 0, then the response was randomly classified as an early 257 

or late flash with equal probability. 258 

  259 
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The discriminant, d(t), was learned on a training set consisting of 1000 simulated single photon 260 

responses: 500 elicited by the early flash, and 500 by the late flash. A different discriminant was 261 

computed for each time offset. Fisher's discriminant applied to pooled rod responses did not 262 

yield performance better than a DM discriminant for any pool size >30 rods or for any set of 263 

scaled noise values under linear pooling. This differs from discrimination using responses of sin-264 

gle rods (see above), in which case Fisher's discriminant yielded better performance. This differ-265 

ence likely originates because pooling alters the relative importance of continuous noise and 266 

noise due to variability in the single photon response; these two noise sources have quite differ-267 

ent covariance structure. Hence for pooled rod responses we used a DM discriminant. Once the 268 

discriminant was calculated for a particular pool size and set of noise values, it was used to dis-269 

criminate 100 novel test trials at each flash time. Threshold performance was defined as the flash 270 

strength or temporal offset that yielded 75% correct in the 2AFC task. 271 

   272 

For nonlinear pooling, responses were passed through a thresholding nonlinearity (Berntson et al. 273 

2004; Field and Rieke 2002b; Okawa et al. 2010). The purpose of this nonlinearity was to sup-274 

press continuous dark noise and retain as many single photon responses as possible (van Rossum 275 

and Smith 1998). The threshold was instantiated by first classifying every individual rod re-276 

sponse as more likely to be continuous noise or a single photon response, prior to summing the 277 

responses together. The threshold was learned by simulating 500 responses to 0 and 1 Rh* and 278 

filtering these in time by the mean single photon response: 279 

  280 

f (t) = r(t)μ(τ − t)dt , (2) 281 

 282 

f(t) is the filtered response, r(t) is the simulated response, and µ(t) is the mean single photon re-283 

sponse. The maxima of the filtered responses were used to generate an amplitude distribution of 284 

responses to 0 and 1 Rh*. The resulting distribution was fit by a sum of two Gaussians (one 285 

Gaussian for the 0 Rh* distribution and one Gaussian for 1 Rh* distribution) that were weighted 286 

by the Poisson probabilities of observing 0 or 1 photon (Field and Rieke 2002b): 287 

  288 

D = N(μc,σ c )∗ P(0, λ)+N(μs,σ s )∗ P(1, λ),     (3) 289 
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D is the distribution of expected response amplitudes, N denotes a normalized Gaussian, and P is 290 

a Poisson probability of observing 0 or 1 photons given a flash strength of λ. µc and µs are the 291 

mean of the continuous noise (failures) and singles distributions, σc and σs are the standard devia-292 

tions. 293 

  294 

The crossing point between the singles and failures distributions was taken as the optimal thresh-295 

old T, for deciding whether a response is more likely a single or a failure. It was computed as the 296 

local minimum in D between µc and µs. 297 

  298 

T = min[D]μc

μs .   (4) 299 

Responses below threshold T were more likely to be noise and were multiplied by 0; those above 300 

threshold were more likely signal and were multiplied by 1. This procedure set the nonlinear 301 

threshold to be matched to the prior probability of photon absorption and the corresponding dis-302 

tributions of signal and noise (Field and Rieke 2002b); nonlinear thresholds were determined 303 

separately for each noise condition. This nonlinear thresholding allowed only responses that 304 

were most likely true signals to participate in ‘deciding’ whether the flash was early or late.  305 

  306 

Thresholded responses were summed and used to generate a discriminant between early and late 307 

flash times. The discriminant was generated from 500 trials at both flash times and 100 test trials 308 

for each flash time were classified. As with linear pooling, Fisher's discriminant did not produce 309 

significance performance improvements over the simpler DM discrimination, so DM was used.  310 

  311 

Theoretically, the optimal instantiation of nonlinear pooling of rod signals is a Bayesian discrim-312 

ination performed on the pool of rod responses. This differs from the nonlinear pooling approach 313 

described above as follows. Rather than using a sharp threshold that multiplies each response by 314 

0 or 1 according to whether the response is more likely a failure or single, every response is 315 

weighted by the likelihood ratio of coming from the singles versus failures distributions. Thus, 316 

the weights are continuously valued, with small weights associated with responses that are likely 317 

noise and larger weights applied to those that are likely single photon responses. The perfor-318 

mance of Bayesian pooling and discrimination did not differ significantly from the threshold 319 

pooling used and did not change the relative importance of different noise sources as a function 320 
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of rod pool size or task (data not shown). This is because the likelihood ratio (ratio of probability 321 

of single vs failure) changes quite quickly from 0 to 1. We report results based on the threshold 322 

nonlinearity for its potentially greater biological relevance (Field and Rieke 2002b). 323 

Manipulating noise in simulated responses 324 

Fluctuations in the single photon response were varied by increasing or decreasing the width of 325 

the Gaussian distributions from which the weights, wi, were drawn, continuous dark noise was 326 

varied by uniformly scaling its power across frequencies, and the rate of discrete noise events 327 

was increased or decreased. 328 

 329 

  330 

Results 331 

Our aim was to understand the relationship between noise and sensitivity of rod responses across 332 

a broad range of conditions. The results are organized into four sections: (1) measurements of the 333 

ability of primate rods to signal the detection and timing of photon arrivals; (2) measurements of 334 

each noise source in primate rods; (3) construction of a model of rod responses that uses our 335 

measurements of each noise source to reveal their impact on detection and temporal thresholds; 336 

and (4) a determinization of the impact of each noise source on detection and temporal thresh-337 

olds for pools of rods of a size relevant for behavior. We focus on noise generated in the rod out-338 

er segment (the photocurrent) for several reasons. Rod outer segment currents are thought to be 339 

independent in nearby rods due to the lack of voltage dependence of the transduction current 340 

(Baylor and Nunn 1986). This is unlike rod voltages, which are correlated between rods due to 341 

electrical coupling (Jin and Ribelayga 2016; Li et al. 2012); such correlations complicate charac-342 

terization of rod noise. Furthermore, rod outer segment currents are amenable to quantitative ex-343 

perimental characterization and provide clear limits to the sensitivity of downstream signals and 344 

behavior.  345 
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Measuring detection and temporal sensitivity of primate rods 346 

A discrimination task to probe sensitivity 347 

Detection and temporal sensitivity were quantified using a two-alternative forced-choice (2AFC) 348 

discrimination task (Chichilnisky and Rieke 2005; Geisler et al. 1991; Smith and Dhingra 2009). 349 

Measured rod outer segment currents were used to discriminate flashes delivered at two possible 350 

times. A trial consisted of the response to a single flash presented at either an ‘early’ or ‘late’ 351 

time (Figure 1A, blue vs. green); the task requires using the response to decide which stimulus 352 

was most likely to have been presented. The key determinants of performance -- flash strength 353 

and time offset -- were systematically varied. When the offset between possible flash times is 354 

large, the task primarily probes detection sensitivity because identifying the correct stimulus de-355 

pends only on whether the flash is detected (detection limited performance; Figure 1A, left). 356 

When the flash strength is large, the task probes temporal sensitivity because the response to the 357 

flash will almost always be detectable and identifying the correct stimulus will depend on the 358 

time offset (timing limited performance; Figure 1A, right). Individual trials were classified as 359 

arising from the early or late flash using an ideal observer analysis based on Fisher’s linear dis-360 

criminant (Figure 1B, see Methods). Since stimulus discrimination need not be exclusively de-361 

tection limited or temporally limited, rod performance was also quantified for intermediate stim-362 

ulus parameters.  363 

Different noise sources limit detection and temporal sensitivity 364 

We used this task and the ideal observer analysis to assess detection and temporal sensitivity of 365 

single rods by examining the dependence of discrimination performance on flash strength and 366 

time offset. This provides a direct measure of how effectively the time of photon arrivals can be 367 

recovered from the slow rod responses. Performance in this task depended strongly on time shift 368 

and flash strength (Figure 1C).  At large time offsets (120-200 ms), discrimination performance 369 

exhibited a transition from chance to perfect over a broad range of flash strengths (Figure 1C, top 370 

row). At small time offsets (10-20 ms), discrimination fell short of perfect even for flashes pro-371 

ducing 5-10 Rh* on average (Figure 1C, bottom row).  372 

 373 
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Errors in identifying the correct time of the flash could be introduced by two types of noise: (1) 374 

irreducible Poisson variability in the number of photons absorbed from trial-to-trial, and (2) cel-375 

lular noise in the rod phototransduction cascade. To separate the contributions of cellular and 376 

stimulus noise, discrimination performance was compared to that of an ideal photon detector 377 

(Figure 1C, red lines). This detector has complete information about the arrival of every photon, 378 

and hence its performance is limited only by Poisson variability in the number of photons ab-379 

sorbed from trial to trial. Thus, the ideal photon detector correctly identifies the stimulus, regard-380 

less of time offset, on any trial in which one or more photons is absorbed. The performance of 381 

the ideal photon detector is given by: 382 𝑃 (𝑅ℎ∗) = 1 −  𝑒 ∗2                               (5) 

 383 

where Rh* is the mean number of photoisomerizations produced by the flash and is the probabil-384 

ity of 0 photoisomerizations given by Poisson statistics. Equation 5 implies that all flashes result-385 

ing in 1 or more Rh* and half of those resulting in 0 Rh* are correctly identified. Rod perfor-386 

mance cannot exceed that of the ideal photon detector but can fall short due to cellular noise.  387 

  388 

Comparing primate rod performance with that of an ideal photon detector (red lines in Figure 389 

1C) indicated that the contributions of stimulus and cellular noise differed for detection and tem-390 

poral sensitivity. At large time offsets, rod performance matched that of the ideal photon detector 391 

(Figure 1C, top). This implies that detection sensitivity is limited by the physical nature of light -392 

- i.e. the division of light into discrete photons and the resulting Poisson variability in the number 393 

of photons absorbed from trial to trial (see also (Baylor et al. 1984; Schneeweis and Schnapf 394 

1995)). However, at small time offsets, when the task probed temporal sensitivity, rod perfor-395 

mance fell short of ideal detector performance. This indicates that cellular noise limits temporal 396 

sensitivity.  397 

  398 

To summarize rod performance across cells, we plotted probability correct against flash strength 399 

and time offset (Figure 2A). Detection sensitivity is represented at one edge of this surface where 400 

the time offset is sufficiently large so as not to influence performance (Figure 2A, blue). Detec-401 

tion sensitivity was defined as the flash strength required to achieve 75% correct discrimination, 402 
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which was 0.7 Rh* (Figure 2B). Temporal sensitivity at a given flash strength can be measured 403 

by an orthogonal slice through the discrimination surface (Figure 2A, green line). At a flash 404 

strength of 4 Rh* performance was near-perfect at long time offsets but fell to chance at shorter 405 

offsets (Figure 2C). The performance of the ideal photon detector depends only on whether any 406 

photons were absorbed, and hence is independent of time offset (Figure 2C, red line). Temporal 407 

sensitivity was defined as the time offset required to achieve 75% correct discrimination, which 408 

was ~20 ms for flashes producing 4 Rh*. 409 

  410 

Temporal sensitivity defined in this way depends on flash strength: flashes producing more ab-411 

sorbed photons provide more accurate measures of flash timing, as expected from the greater av-412 

eraging such flashes permit. To provide a more fundamental measure of temporal sensitivity, 413 

single photon responses were separated from trials in which 0 or more than one photon were ab-414 

sorbed (see Materials and Methods). This procedure isolated the dependence on cellular noise by 415 

removing Poisson variability in photon absorption. Temporal sensitivity of these responses was 416 

then measured in a 2AFC task that varied only in time offset (Figure 2D). The time offset re-417 

quired for 75% correct in temporal discrimination was ~50 ms for single photon responses, con-418 

siderably less than the ~750 ms response duration (see Discussion). 419 

 420 

What limits the temporal sensitivity of the single photon response? Answering this question re-421 

quired more complete measurements of each source of noise than available from past work. It 422 

also required incorporating these measurements into a model to simulate the impact of each noise 423 

source on rod sensitivity. We describe our measurements of rod noise first. 424 

Measuring noise in primate rod phototransduction  425 

Noise source 1: thermal activation of rhodopsin  426 

In darkness, the rod photocurrent exhibits occasional large deflections generated by the thermal 427 

activation of rhodopsin (Figure 3A) (Baylor et al. 1980; Baylor et al. 1984; Gozem et al. 2012; 428 

Luo et al. 2011). This noise is indistinguishable from responses generated by photon absorptions 429 

(Figure 3A, inset). Previous estimates of the event rate in primate rods have a ~4-fold uncertainty 430 

(95% confidence interval ranges from 0.0027/s to 0.01/s; (Baylor et al. 1984)). To reduce this 431 
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uncertainty, two procedures were used to estimate the thermal activation rate from long sections 432 

of recording in complete darkness (20,980 s total from 13 rods). First, events were counted by 433 

eye. This was reliable because the amplitude of these events was high relative to the background 434 

noise (e.g. Figure 3A). We counted 78 events, corresponding to a rate of 0.0037 ± 0.0009 events 435 

per second (95% confidence limit). Second, the event rate was estimated using a statistical meth-436 

od based on the skew of the distribution of measured current amplitudes (Donner et al. 1990). 437 

The positive current deflections caused by the thermal activations introduce an asymmetry in the 438 

distribution of sampled currents (Figure 3B). Assuming otherwise symmetrical current deflec-439 

tions, the asymmetry can be used to estimate the event rate as: 440 𝑅 =  𝐴 𝑃(𝐴)𝑑𝐴𝑖 (𝑡)𝑑𝑡                            (6) 

 441 

where P(A) is the probability of seeing a current deflection of amplitude A and i(t) is the wave-442 

form of the discrete event caused by the thermal activation of rhodopsin (estimated from the sin-443 

gle photon response). Applying Equation 6 to our measured rod photocurrents in darkness, we 444 

estimated a rate of 0.0034 ± 0.0008 (95% confidence interval) events per second (a total of 72 445 

events for the same 13 cells). The similarity of the two estimates indicates that the true thermal 446 

rate is ~0.0035 Rh*/rod/s per second, at the low end of the range of values from past work (see 447 

Discussion).  448 

Noise source 2: continuous noise 449 

Continuous noise in phototransduction originates downstream of rhodopsin (Baylor et al. 1980; 450 

Rieke and Baylor 1996). Both cellular and instrumental noise contribute to the fluctuations in the 451 

measured photocurrent (Figure 3A). We isolated the contribution of instrumental noise by expos-452 

ing the cell to a bright light that eliminated the outer segment current (Figure 3A, bottom trace 453 

and 3C, open circles) (Baylor et al. 1980). Assuming that cellular and instrumental noise are in-454 

dependent and additive, cellular noise can be isolated by subtracting the power spectrum of the 455 

fluctuations in bright light from that in darkness (Figure 3C). Continuous noise was isolated by 456 

restricting this procedure to sections of recording lacking thermal activations of rhodopsin. After 457 

subtracting instrumental noise, continuous noise was characterized by the residual power spec-458 

trum (Figure 3C). The standard deviation of the continuous cellular noise was ~20-25% of the 459 
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peak amplitude of the single photon response, similar to previous estimates in toad and primate 460 

(Baylor et al. 1980; Baylor et al. 1984; Schneeweis and Schnapf 1995).  461 

Noise source 2: single photon response fluctuations  462 

The rod single photon response exhibits trial-to-trial variability that reflects variability in the ac-463 

tive lifetime of a rhodopsin molecule (Baylor et al. 1979b; Caruso et al. 2011; Doan et al. 2006; 464 

Field and Rieke 2002a; Gross et al. 2012; Rieke and Baylor 1998; Whitlock and Lamb 1999). To 465 

measure and fully describe this variability, dim flashes producing one Rh* (singles) were isolat-466 

ed from trials producing zero or multiple Rh* (Figure 3D-F; Materials and Methods). Data were 467 

combined across cells by normalizing the time-to-peak and peak amplitude of each cell's average 468 

single photon response to unity. Combining data across cells (1077 single photon responses from 469 

6 cells) permitted identification of subtle response variations not apparent from the 100-200 sin-470 

gle photon responses from a single cell.  471 

 472 

The time-dependent variance of the normalized single photon responses reached a peak well af-473 

ter the mean (Figure 3C), indicating that the shape, not just the amplitude, of these responses var-474 

ied from one to the next (Field and Rieke 2002a; Hamer et al. 2003; Rieke and Baylor 1998). 475 

While the time-dependent variance is frequently used to quantify this variability, it is an incom-476 

plete measure. Specifically, it does not specify temporal correlations -- i.e. the variance does not 477 

determine whether the deviation of the response at one time is correlated with the deviation at 478 

another time. Such temporal correlations are described by the covariance. Here we provide the 479 

first measurements of single photon response covariance.  480 

 481 

The covariance, when measured at a set of discrete time points, forms a matrix and the eigenvec-482 

tors of this matrix provide a natural, low dimensional, choice for representing the covariance 483 

(Figure 4A-C). The eigenvectors identify the characteristic fluctuations across time (Figure 4C), 484 

while the associated eigenvalues identify the relative amount of explained variance (Figure 4B). 485 

Thus, the eigenvalues and vectors provide a compact representation of temporal fluctuations in 486 

the single photon response. We isolated the change in covariance associated with the single pho-487 

ton response (see Methods). The first 5 eigenvectors of the resulting covariance matrix captured 488 

>99.9% (92.34, 5.84, 1.41, 0.19, 0.13%) of the total single photon response variance. 489 
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 490 

This compact description of single photon response fluctuations is useful because it provides an 491 

efficient way for simulating single photon responses and manipulating the magnitude of response 492 

fluctuations. Specifically, we express a single photon response r(t) as an average response plus a 493 

variable contribution from the basis functions, ci(t), given by the eigenvectors of the covariance 494 

matrix (Figure 4C): 495 𝑟(𝑡) =  𝑟 (𝑡) +  𝑤 𝑐 (𝑡)                           (7) 

 496 

where rµ(t) is the mean single photon response, and wi are weights that describe the contribution 497 

of each component ci to a particular response (Figure 4D). To illustrate this approach, consider 498 

responses that vary only in magnitude. Simulating these responses involves drawing one weight 499 

(w1) for each response from an experimentally determined amplitude distribution, multiplying by 500 

the average single photon response (c1(t)), and adding this product to the mean single photon re-501 

sponse (rµ(t)). In this special case, the basis function capturing variability equals the mean single 502 

photon response (or a scaled version of it) because this is the only ‘direction’ in which the re-503 

sponse varies.  504 

 505 

To completely capture the fluctuations in single photon response shape, we used the first five 506 

eigenvectors of the single-photon response covariance matrix, ci(t) (Figure 4C-D). Each response 507 

was described by a set of five specific weights wi, applied to the five eigenvectors. The distribu-508 

tion of these weights across responses was well approximated by a zero-mean Gaussian distribu-509 

tion, with a variance given by the eigenvalue associated with that component. This yields a sim-510 

ple procedure for simulating single photon responses: random weights wi are sampled from ap-511 

propriate Gaussian distributions, used to scale each of the five eigenvectors, and these scaled ei-512 

genvectors are added to the mean single photon response (Figure 4D). This procedure reproduces 513 

both the mean squared single photon response and the time dependent variance (Figure 4E). 514 

A generative model to test the relative importance of different rod noise sources 515 

This section describes the full generative model for rod responses based on their measured noise. 516 

The model allows each noise source to be varied independently, thereby allowing a determina-517 
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tion of how each noise source impacts detection and temporal sensitivity of individual and pools 518 

of rods.  519 

Model construction and validation 520 

A simulated rod response was generated by the following equation: 521 

 522 

𝑟(𝑡) =  𝑟 (𝑡) +  𝑤 𝑐 (𝑡) + 𝑟 (𝑡 − 𝑡 ) +  𝑤 𝑐 (𝑡 − 𝑡 ) +  𝜂(𝑡)            (8) 

 523 

The first term accounts for Poisson variability in the number of photons absorbed by the flash 524 

and variability in the resulting single photon responses. The number of absorbed photons, N, was 525 

drawn from a Poisson distribution with a mean equal to the flash strength, and each single pho-526 

ton response was generated following Equation 7 (Figure 4). The second term accounts for ther-527 

mal activation of rhodopsin. The number of events, Nd, was determined by drawing from a Pois-528 

son distribution with a mean equal to the thermal activation rate multiplied by the response dura-529 

tion. Discrete noise events were simulated identically to single photon responses, shifted to occur 530 

at a random time td relative to the flash, and added to the response. Finally, continuous noise η(t) 531 

was simulated by filtering Gaussian noise to match the measured continuous noise power spec-532 

trum (Figure 3C). The parameters in Equation 8 come directly from experiment with no free pa-533 

rameters.  534 

 535 

To validate our model for rod responses, we compared the sensitivity of simulated and recorded 536 

responses in the 2AFC task. Simulated responses were generated at ‘early’ or ‘late’ times (as in 537 

Figure 1). Model construction and testing used data from different rods to protect against overfit-538 

ting. The detection and temporal sensitivity of the measured and simulated responses closely 539 

matched (Figure 5). The detection sensitivity of simulated rod responses matched that of an ideal 540 

photon detector (Figure 5B), and their temporal sensitivity exhibited a threshold at ~20ms for a 541 

flash producing 4 Rh* on average (Figure 5C). Furthermore, the temporal sensitivity of simulat-542 

ed single photon responses matched the data, exhibiting a threshold of ~50ms (Figure 5D). Thus 543 

the simulated responses accurately reproduce the performance of real rods at encoding the arrival 544 

and timing of photons. 545 
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Controlling response fluctuations is important for detection sensitivity  546 

To test the impact of different rod noise sources on sensitivity, we used the model of rod re-547 

sponses (Equation 8) to vary each noise source independently and used the 2AFC task to meas-548 

ure the detection and temporal sensitivity of the resulting simulated responses (see Methods). 549 

Detection sensitivity was robust to changes in rod noise; decreasing any noise source minimally 550 

changed performance (Figure 6A, black, green and blue). This is consistent with the observation 551 

that detection sensitivity matched that of the ideal photon detector, which is limited only by Pois-552 

son variability in photon arrival (Figure 2). Furthermore, increasing any noise source by as much 553 

as a factor of 10 produced a relatively small change in detection sensitivity. This is unsurprising 554 

for discrete noise events, which occur rarely, and continuous noise, which makes a much smaller 555 

contribution to response variance than Poisson fluctuations in photon absorption. Insensitivity to 556 

variability in the single photon response may originate because fluctuations are relatively small 557 

at the time the response reaches a peak amplitude (Figure 3F) (Rieke and Baylor 1998). We test-558 

ed this hypothesis by simulating single photon responses that varied only in amplitude (i.e. were 559 

described by a single component c1(t) in Equation 7)) but had the same total variance as the 560 

measured responses. In this case, detection threshold rapidly increased as single photon response 561 

variability was increased (Figure 6A, red). This indicates that deferring response variance until 562 

after the response peak improves detection sensitivity and provides a possible functional ad-563 

vantage to the multi-step shutoff of rhodopsin (Rieke and Baylor 1998)(see Discussion). 564 

Reducing response fluctuations and continuous noise improves temporal sensitivity  565 

Temporal sensitivity was probed using a similar approach (Figure 6B). To eliminate the influ-566 

ence of Poisson fluctuations in the number of Rh* produced by a flash, single photon responses 567 

were simulated at either an ``early" or ``late" time, and the response was used to identify the 568 

stimulus (as in Figure 2D). Temporal sensitivity was insensitive to the frequency of discrete 569 

noise events, again because these events are rare in an individual rod. However, changes in either 570 

the continuous noise or the single photon response variability altered temporal sensitivity, with 571 

changes in continuous noise having the largest effect. Thus, both noise sources contributed to 572 

limiting the temporal resolution of single photon responses in individual rods.  573 
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Impact of rod noise on pooled rod signals depends on linear vs. nonlinear pooling 574 

Behavior is mediated not by single rods, but instead by populations of hundreds or thousands of 575 

rods that provide indirect input to retinal ganglion cells (Goodchild et al. 1996; Sterling et al. 576 

1988). Population size can alter the relative impact of different noise sources as some sources 577 

depend on the number of absorbed photons per rod (i.e. Poisson fluctuations in photon absorp-578 

tion and variations in the single photon response), while others do not. We used the model in 579 

Equation 7 to quantitatively determine how sensitivity depends on each noise source for the rod 580 

populations relevant for behavior, and how sensitivity depends on the ‘read out’ strategy -- i.e. 581 

how signals are combined to generate a single output.  582 

  583 

We considered pools of 100 and 3,000 rods, which approximate the number of rods that provide 584 

(indirect) input to midget and parasol cells at 20o eccentricity. Rod signals were combined either 585 

linearly or nonlinearly and used in the our 2AFC discrimination task (see Methods). For nonline-586 

ar pooling, the simulated response of each rod was retained if it was more likely a single photon 587 

response than noise and rejected (set to zero) otherwise (see Methods). As described below, the 588 

relative importance of different noise sources depended on both the size of the rod pool and the 589 

strategy (linear or nonlinear) for integrating signals across rods.  590 

  591 

When 100 or 3000 rod signals were linearly pooled, detection thresholds systematically fell short 592 

of an ideal photon detector (Figure 7A-B, dashed lines and open circles), unlike the case for sin-593 

gle rods (Figure 2). Neither increasing nor decreasing the rate of thermal activation of rhodopsin 594 

impacted detection or temporal thresholds at any rod pool size (Figure 7A-D, dashed green 595 

lines). Similarly, changing variability in the single photon response modestly impacted temporal 596 

thresholds (Figure 7C, dashed black lines), and had no impact on detection threshold (Figure 7A-597 

B). However, increasing or decreasing the amount of continuous noise changed detection and 598 

temporal thresholds (Figure 7, dashed blue lines). Decreasing continuous noise 10-fold brought 599 

detection thresholds close to the ideal photon detector and nonlinear pooling performance. Thus, 600 

continuous noise is the dominant noise source for both detection and timing tasks when rod sig-601 

nals are pooled linearly.  602 

 603 
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The relative impact of these noise sources differed considerably when rod signals were pooled 604 

nonlinearly. Unlike linear pooling, decreasing the rate of thermal activation of rhodopsin im-605 

proved detection sensitivity and brought it close to the performance of an ideal photon detector 606 

for large rod pools (Figure 7B, solid green line). Thus, with an appropriate nonlinear readout, 607 

thermal activation of rhodopsin limited detection sensitivity. However, detection sensitivity re-608 

mained quite sensitive to increasing continuous noise, reinforcing the importance of regulating 609 

the amount of continuous noise (Figure 7A & B, solid blue lines). Interestingly, reducing contin-610 

uous noise did not improve detection sensitivity, indicating that the amount of continuous noise 611 

is matched to the limit imposed by the thermal isomerization rate when an optimal nonlinearity is 612 

used to pool rod signals.  613 

 614 

Temporal thresholds under nonlinear pooling were minimally changed when increasing or de-615 

creasing the thermal activation rate (Figure 7C-D). However, temporal thresholds could be im-616 

proved by decreasing single photon response variability (solid black lines); reducing continuous 617 

noise only improved temporal sensitivity for small pools of rods (≤100). Increasing single photon 618 

response variability and continuous noise both increased temporal thresholds, thereby diminish-619 

ing the temporal resolution of rod vision. The dependence on increases but not decreases in con-620 

tinuous noise reinforces the idea that it is closely matched to the other noise sources when an op-621 

timal nonlinear readout is used. As is the case for signals from individual rods, signals from 622 

pools of rods permitted recovery of temporal information much finer than the duration of the re-623 

sponse itself, or the 200-300 ms integration times often assumed for rod vision (see Discussion).  624 

  625 

Discussion 626 

  627 

Past work comparing rod noise with behavioral sensitivity suggests that noise due to the thermal 628 

isomerization of rhodopsin limits behavioral thresholds for dim flash detection (reviewed by 629 

(Donner 1992; Field et al. 2005; Nelson 2016)). If true, the neural circuits that read out rod sig-630 

nals must operate effectively noiselessly -- a considerable constraint. The strength of this infer-631 

ence, however, is limited by at least three issues: (1) experimental uncertainty in the rate of 632 

thermal isomerization of rhodopsin in primate rods; (2) lack of consideration of the importance 633 

of the other known sources of phototransduction noise; and, (3) a focus on the ability to detect 634 
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dim lights with little consideration of sensitivity to other aspects of vision (e.g. timing). We con-635 

sider our work in the context of each of these issues below.  636 

Thermal isomerization rate lower than previously estimated 637 

Dark-adapted human observers in behavioral detection tasks occasionally report the presence of 638 

a flash when no light is delivered. The rate of these false-positive responses suggests an internal 639 

noise limiting absolute sensitivity equivalent to ~0.01 photon-like events/sec/rod (Barlow 1956; 640 

Koenig and Hofer 2011; Sakitt 1972). These estimates of the noise limiting behavioral sensitivity 641 

are close to the estimate of 0.012 events/sec, based on the measured rhodopsin thermal isomeri-642 

zation rate of 0.006 events per sec from primate rods with a 2x correction for the ~2x larger vol-643 

ume of human rods (Baylor et al. 1984; Nelson 2016). However, behavioral and physiological 644 

estimates are subject to considerable uncertainty (Field et al. 2005; Koenig and Hofer 2011; 645 

Nelson 2016). For example, the 95% confidence interval for the rate of photon-like noise events 646 

is 0.0027 to 0.01 events/sec in monkey rods. Thus, a conservative conclusion is that noise from 647 

thermal isomerization is within a factor of 2-3 of the noise limiting behavioral sensitivity.  648 

  649 

We more precisely estimated the rate of rhodopsin thermal isomerization in monkey rods, plac-650 

ing a tighter bound of 0.0026 to 0.0045 events/sec (95% confidence interval). A recent estimate 651 

of the dark light from human behavioral experiments ranged from 0.004 to 0.025 events/sec 652 

(Donner 1992; Koenig and Hofer 2011), suggesting that additional sources of neural noise con-653 

tribute to dark light. An increase in the precision of behavioral measurements will be needed to 654 

permit a stringent test of the hypothesis that noise from the thermal isomerization of rhodopsin 655 

limits human absolute sensitivity. 656 

Generative model incorporates all rod noise sources  657 

Three sources contribute to noise in the rod response: thermal isomerization of rhodopsin, con-658 

tinuous current fluctuations, and variability in the single photon response. Past work exploring 659 

the implications of rod noise for visual sensitivity has emphasized the importance of thermal 660 

isomerizations while largely neglecting the other sources (reviewed by (Field and Sampath 661 

2017)). One reason for this focus is that thermal noise can be easily expressed as a dark light, 662 
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while other sources of rod noise (or noise downstream of rods) have a more complex relationship 663 

to the signal. 664 

  665 

To provide a complete picture of how noise limits the fidelity of rod signals, we constructed a 666 

parameter-free model incorporating all three noise sources. A key advance in the model was the 667 

ability to incorporate accurately the variability in the shape of single photon responses. The 668 

model allowed manipulation of different rod noise sources to determine their impact on sensitivi-669 

ty. The model also allowed simulation of signals in collections of hundreds or thousands of rods 670 

that form the receptive fields of retinal output cells. While we used this model to investigate the 671 

detection and temporal sensitivity of rods, it is a general tool that could be used to probe the en-672 

coding of other stimulus features at low light levels.  673 

Limits to detection and temporal sensitivity: Single rods 674 

The detection sensitivity of single rods approached that of an ideal photon detector limited only 675 

by Poisson fluctuations in photon absorption. Temporal sensitivity, however, fell short of that of 676 

an ideal photon detector, indicating that it was limited by cellular noise. Nonetheless, temporal 677 

sensitivity was much finer than the duration of the response; the single photon response support-678 

ed a temporal sensitivity of ~50 ms, about 10-fold less than the duration of the response itself 679 

and 2-to-4-fold less than the typically assumed integration time of rod responses (Conner 1982).  680 

  681 

Variability in the single photon response occurs predominantly during response recovery (Field 682 

and Rieke 2002a; Rieke and Baylor 1998; Whitlock and Lamb 1999). When single photon re-683 

sponse variability was made to (artificially) peak at the time-to-peak of the response, detection 684 

sensitivity was degraded (Figure 6A red). Detection sensitivity, however, was insensitive to in-685 

creasing variability when it occurred late in the response. Thus, the late peak in variability of the 686 

single photon response, a signature of inactivation through multiple shutoff steps (Field and 687 

Rieke 2002a; Hamer et al. 2003; Rieke and Baylor 1998), mitigates the consequences of re-688 

sponse variability for detecting photons.  689 

  690 

Both continuous noise and single photon response variability contributed to limiting temporal 691 

sensitivity. Reducing single photon response variability modestly improved temporal sensitivity, 692 
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as continuous noise quickly became the limiting factor. Decreasing continuous noise improved 693 

temporal sensitivity. However, biophysically, continuous noise arises from instability in PDE, 694 

and increasing the stability of PDE while holding fixed the activity of single PDE molecules 695 

would result in less cGMP hydrolysis in darkness and a corresponding longer duration light re-696 

sponse (Rieke and Baylor 1996). If the activity of single PDE molecules increases to compensate 697 

the increased stability, the kinetics would not change but the continuous noise would increase 698 

(Reingruber et al. 2013). Hence continuous noise and single photon response variability appear 699 

well-matched from the point of view of attaining high temporal sensitivity without prolonging 700 

the rod light response (i.e. increasing integration time).  701 

Limits to detection and temporal sensitivity: Rod populations 702 

Near absolute visual threshold rod signals are conveyed to retinal output neurons --- ganglion 703 

cells --- via the specialized rod-bipolar pathway (reviewed by (Bloomfield and Dacheux 2001; 704 

Field and Sampath 2017)). A key feature of this circuit is that downstream neurons integrate sig-705 

nals from many rods, and this integration can be nonlinear such that single photon responses are 706 

preferentially retained, and noise rejected (Field and Rieke 2002b). Other rod pathways in the 707 

retina (i.e. rod to Off bipolar cells) appear to integrate rod signals more linearly (Field and Rieke 708 

2002b). We used the generative model to determine how linear and nonlinear pooling of signals 709 

across rods influenced the importance of different sources of rod noise. 710 

  711 

The detection sensitivity of linearly pooled rod signals depended on the amount of continuous 712 

dark noise but was insensitive to changes in the rate of thermal isomerizations. This is because 713 

the omnipresent continuous noise quickly dominates the other noise sources as rod signals are 714 

added together. The outcome was very different for nonlinear pooling -- the primary purpose of 715 

which is to reject the rod signals that only contain continuous noise and retain those that are like-716 

ly produced by a rhodopsin isomerization, either thermal or photon initiated. Thus, for nonlinear 717 

pooling, detection sensitivity was limited by the rate of thermal isomerizations and was insensi-718 

tive to decreases in continuous noise. Modest increases in continuous noise, however, produced 719 

dramatic decreases in sensitivity (increases in threshold in Figure 7). This indicates that continu-720 

ous noise is just low enough to match the performance limit imposed by the rate of thermal 721 

isomerizations when signals are optimally pooled.  722 
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  723 

Pooled rod responses permitted recovery of the flash timing to a precision < 10 ms - much less 724 

than the duration of the rod response and of the ~200 ms integration time for rod vision (Conner 725 

1982). The noise source limiting the temporal sensitivity of pooled rod signals depended on both 726 

the number of rods and whether signals were combined linearly or nonlinearity. For linear pool-727 

ing over small populations of rods (e.g. 100, similar to convergence to a peripheral midget gan-728 

glion cell), temporal sensitivity was limited by both single photon response variability and con-729 

tinuous dark noise. However, for larger populations of rods (e.g. 3000, similar to convergence to 730 

a peripheral parasol ganglion cell), continuous noise began to limit temporal sensitivity. This 731 

switch in the limiting noise source occurs as the fraction of rods absorbing photons at threshold 732 

decreases: for larger pools of rods, a smaller fraction need to absorb a photon to reach threshold 733 

performance. The smaller fraction of rods absorbing photons means a smaller contribution of 734 

single photon response variability relative to continuous noise. With nonlinear pooling, decreas-735 

ing single photon response variability yielded the greatest improvement in temporal sensitivity. 736 

This indicates that limiting single photon response variability is important for maintaining high 737 

temporal sensitivity when signals are optimally pooled over a large number of rods. 738 

  739 

Pooled rod signals supported temporal sensitivity ~10 ms even when <1% of the rods absorb 740 

photons. Why then is the temporal accuracy of rod vision generally considered poor (100-300 ms resolu-741 

tion). This may be explained by a similar apparent discrepancy in cone vision.  Human temporal integra-742 

tion under photopic conditions is ~10-20 ms, however humans can also discriminate the relative order of 743 

two flashes that that are separated by only ~1 ms in apparent motion tasks (Westheimer 1999; 744 

Westheimer and McKee 1977). Fundamentally, this indicates that temporal integration and temporal 745 

resolution are not necessary the same, and that in certain tasks (e.g. detecting motion) the visual system 746 

can track small temporal differences that are not available in other tasks (e.g. detecting spatially uniform 747 

flicker). Thus, the high temporal sensitivity we observe in rod signals could support behavioral 748 

tasks such as detecting motion at low light levels. Apparent motion discrimination experiments 749 

under scotopic conditions would reveal how close the visual system approaches the limits to 750 

temporal resolution imposed by rod noise. 751 

  752 
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These considerations illustrate a more nuanced view of the relationship between rod noise and 753 

the sensitivity of downstream cells and of behavior. Specifically, the limiting noise source de-754 

pends on the task, the number of rods contributing, and how the rod signals are read out. The oft-755 

assumed hypothesis that the rate of thermal isomerization of rhodopsin limits the sensitivity of 756 

the rod signals holds under some, but not all, of these conditions. 757 

Implications for retinal processing and dark-adapted vision  758 

The analysis of the relative importance of different noise sources for different rod pool sizes 759 

(Figure 7) shows the benefits of nonlinear pooling. It also sets an upper bound on the sensitivity 760 

that can be obtained based on signals in rod outer segments. The pooling models considered, 761 

however, neglect several known features of retinal circuitry downstream of the rod outer segment 762 

that likely lower the sensitivity of the retinal output signals. For example, gap junctions between 763 

rod inner segments could hamper the ability to separate single photon responses from continuous 764 

noise (Hornstein et al. 2005; Jin and Ribelayga 2016; Li et al. 2012). Similarly, downstream cel-765 

lular and synaptic processes will necessarily introduce noise as signals traverse the retina 766 

(Bloomfield and Dacheux 2001; Field et al. 2005). Much of such downstream noise is removed 767 

by nonlinearities within the retinal circuitry (Ala-Laurila and Rieke 2014). The importance of 768 

downstream noise and processing can be evaluated only in the context of noise in the rod outer 769 

segment currents. Hence, we focused here on the constraints imposed by signal and noise at the 770 

first step of vision: phototransduction in rod outer segments and the resulting change in photo-771 

current. 772 

  773 

Primate and other mammalian retinas contain ~30 RGC types (Field and Chichilnisky 2007; 774 

Sanes and Masland 2015). Which and how many of these types participates in vision near abso-775 

lute threshold remains unclear. However, receptive field size, and thus the number of rod signals 776 

pooled by an RGC, varies across eccentricity, RGC type, and across different species. For exam-777 

ple, a macaque midget ganglion cell receives convergent input from ~10 and ~100 rods at 5° and 778 

20° eccentricity respectively (Goodchild et al. 1996). In contrast, macaque parasol RGCs receive 779 

input from ~100 to ~3000 rods at these eccentricities. Furthermore, cat alpha cells can receive 780 

input from 10,000 to 100,000 rods. Thus, the noise source limiting RGC signal fidelity near ab-781 

solute threshold is likely to depend on retinal location, cell type, and perhaps species. The brain 782 
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regions that are responsible for visual perception combine information from multiple RGC types. 783 

Thus, future studies aimed at understanding the cortical circuits involved in scotopic vision will 784 

be particularly useful in understanding how rod and retinal noise limits behavioral sensitivity. 785 

   786 
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Figure Legends. 787 

Figure 1. Two-alternative forced-choice (2AFC) task quantifies the detection sensitivity and 788 

temporal resolution of rod responses. A. Illustration of 2AFC task. Left: Detection limited re-789 

gime of the task. Four responses to a flash producing 0.5 photoisomerizations (Rh*) on average. 790 

The flash was delivered at either the early (blue) or late (green) time, separated by 200 ms (bot-791 

tom stimulus traces). On trials 2 and 4 no response is apparent; on trials 1 and 3 the response 792 

clearly identifies the stimulus as ‘early’ or ‘late’. Right: Timing limited regime of task. Four re-793 

sponses to a flash producing 3 Rh* on average and a time offset of 10 ms. Responses are evident 794 

on every trial, but the small time offset, and the response variability make classification difficult. 795 

B. Construction of Fisher’s discriminant used to classify responses. Blue and green show mean 796 

responses to ‘early’ and ‘late’ flash times, for detection (left) and timing (right) limited regimes. 797 

‘Early - late’ show difference of the ‘mean early’ and ‘mean late’ responses. Discriminant is 798 

Fisher’s linear discriminant (see Methods). Bottom histograms are distributions of inner products 799 

between individual trials (A) and the discriminant. Trials to the right (left) of zero would be clas-800 

sified as ‘early’ (late) flashes. C. Performance in 2AFC task as a function of flash strength (x-801 

axis in each panel) and time offset Δt. Each panel plots probability correct discrimination from 802 

14 rods against flash strength for a Δt. Red lines are performance of an ideal photon detector 803 

(Equation 5), which is limited only by Poisson variability in photon absorption.  804 

 805 

Figure 2. Detection performance is limited by Poisson variability in photon absorptions, 806 

while temporal resolution is limited by cellular noise. A. 3-D surface of 2AFC performance 807 

from rod responses. Blue line is the detection limited side and the green line is the timing limited 808 

side. B. Detection limited slice of surface in A. Open circles show performance of individual 809 

rods at 200 ms time shift. Blue circles show population performance derived from a saturating 810 

exponential fit to the data with the error bars representing the 95% confidence interval (see 811 

Methods). Red line is the performance of the ideal photon detector (Equation 5). C. Timing lim-812 

ited performance in A at a flash strength of 4 Rh*. Population means (green points) are derived 813 

from a saturating exponential fit to the rod data (open circles). Red line is the performance of the 814 

ideal photon detector. D. Temporal sensitivity of the single photon response. Isolated single pho-815 

ton responses were discriminated at different time shifts. Open circles show performance from 6 816 

individual cells. Black line is a cumulative gaussian fit to the data. 817 
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 818 

Figure 3. Measurements of three primary noise sources in primate rods. A. Current traces 819 

from a suction electrode recording of a primate rod. The top two traces are in darkness. Each 820 

large positive current deflection (arrows) originated from spontaneous activation of rhodopsin. 821 

The bottom trace is recorded in the presence of a bright light which holds the outer segment ion 822 

channels closed, exposing the contribution of instrumental noise. Inset compares the average of 8 823 

discrete noise events (thick trace) with the cell's average single photon response (thin trace). 824 

Bandwidth: 0-5 Hz; scale bar 200 ms. B. Expanded histogram of currents recorded in darkness. 825 

The skew in the distribution toward positive current values was used to estimate the rate of ther-826 

mal activation from Equation 6. The inset shows the full distribution. C. Filled circles: power 827 

spectrum of the continuous dark noise in recording segments lacking discrete noise events. Open 828 

circles: power spectrum in the presence of saturating light. D. Rod responses to a repeated dim 829 

flash (0.5 Rh* on average). Bandwidth 0-5 Hz. E. Isolated single photon responses. F. Change in 830 

time-dependent variance attributable to photon absorption (variance of singles minus that of fail-831 

ures) collected across rods. The time-to-peak and peak amplitude of the single photon response 832 

in each rod were normalized to one prior to combining results across rods. Data (6 rods, 1077 833 

single photon responses total) from (Field and Rieke 2002a). 834 

 835 

Figure 4. Using the response covariance to simulate single photon responses. A. Covariance ma-836 

trix of the single photon response. Time of flash is the lower left vertex. Scale bar, 300 ms. B. 837 

Percent of the total variance captured by each eigenvector (ci) of the covariance matrix in A. C. 838 

The five components used to simulate single photon responses. D. Generation of response from 839 

components, as in Eq. XX. A simulated response was generated by combining single photon re-840 

sponses with two components of dark noise. Each single photon response was generated as a sum 841 

of temporal components corresponding to eigenvectors of the corrected covariance matrix. Each 842 

component was weighted by a coefficient drawn from a Gaussian distribution with variance cor-843 

responding to the appropriate eigenvalue. E. Time-dependent variance and the squared mean 844 

single photon response of the model compared with those measured experimentally. 845 

 846 

Figure 5. Comparison between the sensitivity of the real and simulated rod responses. A. Sensi-847 

tivity surface of a simulated rod in the 2AFC task of Figure 1. The blue line is the detection lim-848 
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ited end of the surface, and the green line is the timing limited end of the surface. B. Detection 849 

limited slice of the surface in A. Closed circles show model performance, and open circles re-850 

sults from Individual rod data replotted from Figure 2. Red line is performance of the ideal pho-851 

ton detector. C. Timing limited slice of the surface in A. D. Temporal sensitivity of simulated 852 

and measured single photon responses. Black curve is a cumulative gaussian fit reaching 0.75 853 

probability correct at 50 ms. 854 

 855 

Figure 6. Varying sources of rod noise. A. Detection threshold as a function of scaled noise. B. 856 

Temporal threshold as a function of scaled noise for single photon responses.  857 

 858 

Figure 7. Varying sources of rod noise in pools of rods. Responses of collections of rods were 859 

simulated using Equation 8 while varying rod noise sources as in Figure. 6. A. Detection thresh-860 

old for pools of 100 rods as each noise source is varied. Time offset between flashes was 200 ms 861 

(detection limited). B. Same as A for pools for 3000 rods. Results for linear pooling shown with 862 

open circles and dashed lines. Results for nonlinear pooling shown with closed circles and solid 863 

lines. C. Temporal threshold for pools of 100 rods as each noise source is varied. Flash strengths 864 

were 0.1 Rh* for linear and nonlinear pooling. These were chosen because each produced >98% 865 

correct at large time offsets so that discrimination was timing limited. D. Same as C for pools of 866 

3000 rods. Flash strengths were 0.01 and 0.003 Rh* for linear and nonlinear pooling respective-867 

ly. Legend in middle of figure shows schematic for linear and nonlinear pooling.  868 
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