


Figure 8–Figure supplement 1. Cross-correlation and single-AP timing accuracy in individual neurons. (A) Six electrically recorded single
APs and simultaneous fluorescence measurements (upper) with the output of AP inference algorithms (lower). Note that SBM, MLspike and thr-σ
output an AP sequence, c2s outputs estimated spiking probabilities over time and CFOOPSI and FOOPSI have unitless outputs. (B) Magnified
views showing AP inference results relative to electrically detected AP times (gray vertical lines) for the six single APs in (A). (C) Mean rates of
AP inference relative to true AP times (gray vertical line) for single APs (no other APs for 1 s before and 0.5 s after), for individual neurons.
Averaging these results over neurons gives the curves shown in Figure 8G. To be included in this analysis, a neuron’s data had to include at least 5
true isolated single APs, and for methods whose outputs were not unitless at least 5 total APs had to be inferred within 0.5 s of these 5 true
isolated single APs. The unitless outputs of CFOOPSI and FOOPSI have been rescaled for each neuron to give a maximum average output of 1 for
each neuron. (D) Cross-correlation between true and inferred APs for each inference method, as a function of time lag, for individual neurons.
Averaging these results over neurons gives the curves shown in Figure 8D.
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Figure 8–Figure supplement 2. Effect of imaging frame rate and SNR on timing accuracy of APs inferred by the SBM. (A) Absolute timing
error of isolated single APs inferred by the SBM as a function of SNR. Each color indicates a different imaging frame rate from 10 to 60 Hz; data
from the same neuron are connected by line segments. Each data point corresponds to a combination of a specific pyramidal neuron with a specific
imaging frame rate, and a combination was included only if it contained at least 5 true isolated single APs with at least 5 APs inferred by the SBM.
(B) As in (A), but with imaging frame rate shown as the x-coordinate and SNR indicated by color. (C) Average delay from true to SBM-inferred
times for isolated single APs, as a function of SNR (colors as in (A)). (D) As in (C), but with imaging frame rate shown as the x-coordinate and
SNR indicated by color.
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Figure 8–Figure supplement 3. Data-based evaluation of timing uncertainty values inferred by the SBM for isolated single APs. For each
AP inferred by the SBM, the algorithm also fits a standard deviation σ to the posterior moments inferred by the particle filter (Figure 5 - figure
supplement 6), up to the maximum allowed value of 200 ms. To test whether σ can be validly interpreted as the width of the posterior distribution
of the AP time, we compared the inferred σ values to the actual differences between true and inferred AP times. (A) Difference between true and
inferred AP times as a function of inferred σ values (n = 399 APs from 22 neurons). APs were included in this analysis only if no other APs were
present for 5 s before or 500 ms after, the SBM inferred exactly one AP within 200 ms of the true AP time and the SBM inferred no other APs
within 500 ms of the true AP time. (B) Mean (black) and standard deviation (gray) of the absolute time difference between true and inferred AP
times for the data in (A) as a function of the AP timing uncertainty output by the SBM/SMC inference algorithm. The red line shows the relation

y =
√

2/πx, as would be expected if each σ value correctly describes a Gaussian posterior distribution on an AP time given the fluorescence data.
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Figure 8–Figure supplement 4. Simulations showing the effect of timing errors in optically detected APs on peri-stimulus time histograms
(PSTHs). (A) Diagram illustrating simulation of an optical PSTH (right) by adding together stimulus→AP latencies from a true electrical PSTH
(left) and timing errors for spontaneous APs detected optically in another neuron (center). (B) PSTH showing APs evoked by whisker deflection
and recorded electrically in a L2/3 neuron in somatosensory cortex, previously published in [71]. Among APs recorded from 100 ms before the
stimulus onset to 500 ms after, the fraction arising from spontaneous activity that occurred before stimulus onset was pbefore = 6%. (C) Simulated
electrical PSTHs for 3 GCaMP6s-expressing L2/3 pyramidal neurons from mouse visual cortex. For each isolated single AP recorded electrically
in the neuron, an AP time relative to the simulated stimulus was drawn randomly from the PSTH shown in (B). Due to random sampling of
stimulus-AP latencies and a finite number of trials, pbefore ranges from 2% to 12% in these simulations. (D) Distribution of timing errors for
isolated single APs, for the 3 neurons in (C). (E) Simulated optical PSTHs for the neurons shown in (C-D). For each isolated single AP recorded in
the neuron, a true AP time relative to the stimulus was drawn from the PSTH shown in (B), and the results of SBM-based AP inference were
used to assign optically detected AP times relative to the true AP time. Since the detection rate for single APs was less than 100%, on some
stimulus trials no APs were inferred. Due to AP timing errors for the inferred APs, a greater fraction of APs were assigned to time points before
the stimulus for the simulated optical PSTH than for the simulated electrical PSTH, with pbefore ranging from 13% to 47%.
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Figure 8–Figure supplement 5. Forward time shifts limit too-early assignment of inferred APs. (A) Probability that SBM-inferred APs occur
from 0 to 200 ms before true isolated single APs, as a function of the forward time shift applied to all inferred APs. Blue curves shows this
relationship for neurons with ≥ 5 true isolated single APs and for which ≥ 5 APs were inferred within 500 ms of true single AP times (n = 18).
Black curve and gray shaded region show mean and standard deviation over neurons. To limit the average probability that inferred APs occur
before true APs to 0.1, a forward shift of 114 ms is required. (B) As in (A), but showing the probability of SBM-inferred APs occurring before
a sensory stimulus for a simulated PSTH as in Figure 8 - figure supplement 4. Dashed red line indicates the true probability (0.056) that APs
occurred before the stimulus in the electrically recorded PSTH used to carry out the simulations. To obtain the same probability for SBM-inferred
APs on average a forward shift of 128 ms is required, while obtaining a probability of 0.1 requires a forward shift of 74 ms.
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