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Best practices for reporting throughput in 
biomedical research
To the Editor — In the last few decades, 
technological advances in photonics, 
electronics, computing, fluidics, robotics and 
chemistry have substantially boosted the rates 
of data acquisition and processing and the 
scale of automation and parallelization. This 
has enabled high-throughput performance 
in measurement, imaging, screening, 
sequencing, manipulation and sorting of 
molecules, compounds, genes and cells1–6. 
The term “throughput” is widely accepted 
and constantly used in the biomedical 
community, where high-throughput 
operations are indispensable for efficient, 
reproducible, time-sensitive, low-cost and 
rare-event applications.

Unfortunately, the term is often vaguely 
defined and inconsistently used in different 
domains of the life sciences. In fact, it is 
used differently from the rigorously defined 
“throughput” in the field of electrical 
engineering, where throughput expresses 
the maximum amount of data that can 

theoretically be sent or processed in a given 
amount of time and is quantified in units of 
bits per second7. In biomedical settings (in 
particular, high-throughput flow cytometry1, 
screening2 and sequencing5,6), where the 
throughput depends on non-electrical 
parameters (for example, chemical, biological 
or fluidic) that are often non-uniform and 
time-varying, the practically achievable 
throughput can be orders of magnitude 
lower than the theoretical throughput. 
Furthermore, different biomedical domains 
employ different units of throughput, 
contributing to confusion and hindering 
collaboration between the domains1,8. 
These problems are troublesome, but their 
importance is often neglected.

To better understand the problems and 
rectify them, we revisit a general equation 
(Fig. 1a) that defines the throughput T of 
a high-throughput operation using one 
or more high-throughput instruments 
(for example, a flow cytometer, a DNA 

sequencing machine, a high-throughput 
screening system or a combination of these)7:

T =

∑N
i=1 niDi

∑N
i=1 τi

(1)

where N is the total number of samples or 
steps per run, ni is the number of discrete 
objects in sample i that are processed (for 
example, molecules, compounds, genes, 
cells or organoids that are measured, 
imaged, screened, sequenced, manipulated 
or sorted), Di is the depth of data about 
each object (for example, the number of 
bits encoded by a fluorescence signal, an 
image or a mass spectrum) used when 
handling sample i, and τi is the duration 
of time required for handling sample i and 
is given by the sum of sample preparation 
and loading time τai , sample processing 
time τbi , and sample removal and recovery 
time τci ; that is, τi = τai + τbi + τci . If ni, τi 
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Fig. 1 | Throughput definition and common pitfalls. a, Definition of throughput. b, Common pitfalls and solutions. Top left: instead of omitting the sample 
preparation or loading and sample removal or recovery time durations and reporting the momentary maximum of event rate (blue), the global average 
throughput including the sample preparation or loading and sample removal or recovery time durations (red) should be reported. Meanwhile, the 
computational times of postprocessing analyses can be omitted since they are not directly related to the raw-data acquisition. If the sample preparation or 
loading and sample removal or recovery time durations are omitted from the throughput calculation, the time durations should be reported as well. Top right: 
instead of reporting the throughput of a chosen step (blue), all steps of the entire high-throughput operation and their depths of data need to be considered 
to determine the throughput red). Bottom left: before determining throughput, it is necessary to define which event corresponds to a target event. Instead 
of using all events, including noise events (blue), only the count of target events (red) should be used to determine throughput. Bottom right: black curve 
indicates the dependency of throughput on another parameter. Conditions for achieving the maximum throughput (blue) should be reported together with the 
throughput (red).
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and Di are identical for all samples and 
objects, then equation (1) can be simplified 
to T = Nn1D1/τ1. Since the data about 
each object are electrically acquired and 
digitally processed in modern scientific 
instrumentation, the throughput is 
expressed in bits per second as in electrical 
engineering, regardless of the type of data. 
Note that the throughput can be increased 
even at a low event rate if the depth of data 
is large. See Supplementary Note 1 for 
exemplary computations for imaging flow 
cytometry and high-throughput screening.

Common pitfalls are illustrated in Fig. 1b. 
First, the most frequent issue is that parts in 
equation (1) are omitted when calculating 
throughput. For example, in flow cytometry, 
it is commonly assumed that N = 1, τa1 ≪ τb1 
and τc1 ≪ τb1, such that equation (1) reduces 
to T ≈ n1D1/τb1, where n1/τb1 (known as the 
event rate) is directly proportional to and 
often treated as throughput although it is not 
entirely accurate. Furthermore, the highest 
event rate may only be achieved temporarily, 
such that the average event rate ⟨dn1/dt⟩ 
over τb1 is lower than the momentary event 
rate dn1/dt, but they are often regarded as 
equal9. Second, since a high-throughput 
operation is often composed of multiple 
steps, especially in high-throughput 
screening, a typical pitfall is that only the 
throughput of a chosen step is reported, 
with the rate-limiting step ignored. Also, 
in high-throughput screening, the depth 
of data is often overlooked, with only the 
number of wells per day considered even 
though readouts have progressed from 
simple plate-reader-based assays to complex 
microscopy images10. Third, the throughput 
can be inflated by including ‘non-usable’ 
events (for example, measurement noise, 
cell debris, cell doublets, Poisson-limited 
multi-cell compartmentalization in droplets, 
and non-targeted reads) into the event 
count ni. Fourth, it is misleading to treat 
throughput as a constant parameter and 
ignore its dependency on other parameters 
(for example, sample concentration, sample 
delivery speed, sequence diversity, fragment 
size, or the response time and success rate of 
a high-throughput operation).

These pitfalls can be avoided by 
recognizing equation (1). In electrical 

engineering, throughput is assessed in a 
more differentiated manner by providing the 
theoretically possible maximum throughput 
and the practically achievable throughput 
(called “goodput”7). These two definitions 
can provide guidelines to solve the above 
pitfalls. First, as throughput is a measure for 
a continuous process in which the sample 
preparation or loading and removal or 
recovery are involved, all these parts should 
be considered to calculate the throughput. If 
the event rate is reported instead of T, τa1 and 
τc1 should also be reported. Second, T needs 
to take all steps of the high-throughput 
operation and their depths of data into 
consideration as defined in equation (1). 
Third, to exclude the contribution of 
non-usable events, it is essential to provide 
a definition of target objects. If the portion 
of non-usable events is larger (at least a 
few times) than that of good events, the 
goodput should be calculated by excluding 
non-usable events in postprocessing steps 
from the total event count. Fourth, since 
throughput is often a function of several 
other parameters, their values should ideally 
be measured and reported under different 
conditions, or at least the conditions on 
the throughput should be reported if the 
reported throughput is a primary point of 
novelty claimed. ❐
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