
The study shows that we are now able to fully analyze patient samples with large 
numbers of colonies to automatically identify fully reprogrammed iPSC colonies  
with excellent speci�icity -- just one false positive from 10,549 candidate colonies. 
 However, going forward, even better speci�icity may be needed for high 
volume patient speci�ic cell line production. We determined that the best image 
features to use in classi�ication are the very early ones, prior to the �irst detection 
mask. The features can resolve the ambiguous colonies such as the uncertain 
training samples in the decision tree (circled in the Figure 5 below). 
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The ability to reprogram somatic cells to an embryonic stem cell-like state has 
had landmark impact on basic biological research, drug screening, and drug 
discovery. However, picking true induced pluripotent stem cell (iPSC) colonies 
during reprogramming can be unreliable, costly and time consuming. In 
particular, currently there are no methods to consistently pick fully 
reprogrammed iPSC colonies at early time points in adherent cultures during 
reprogramming. Early, accurate and automated selection of iPSC colonies would 
greatly reduce the cost and labor of iPSC production, facilitating high-throughput, 
patient-speci�ic application of iPSC technology. In addition, for researchers less 
familiar with iPSC technology, computer assisted iPSC colony selection would 
ease implementation of reprogramming in their laboratories. 
 Previously, using time-lapse, phase contrast microscopy and kinetic image 
pattern recognition methods applied to retroviral reprogramming of patient 
�ibroblasts, we uncovered a promising, characteristic pattern of colony formation 
that can be recognized and used to predict the colonies that would become fully 
reprogrammed. The approach acquires images every six hours and quantitatively 
characterizes colony emergence from the time the colonies are �irst detected and 
for one day afterwards; only one day of characterization is needed to reach a 
decision. In practical usage, only a few fully reprogrammed iPS colonies are 
needed to establish new iPSC lines.  Thus, we designed our approach to achieve 
very high speci�icity and positive prediction. However, in our previous study we 
were unable to analyze all of the roughly four thousand colonies which were 
imaged in the 100 mm dish, and could not be sure of the actual positive prediction 
value of our method when applied to all colonies. 
 In the current study, we improved the automated image analysis and colony 
prediction methods, and applied to all detected colonies so the true performance 
can be assessed. To this end, we employed time-lapse microscopy to image Sendai 
virus-mediated reprogramming of healthy and disease-speci�ic �ibroblasts, using 
Klf4, Oct3/4, Sox2 and c-Myc. Here we present our new method and results that 
show iPS selection within the �irst day of colony detection with high positive 
prediction when applied to a large number of colonies. 

Imaging Reprogramming

Our research was conducted using the Nikon BioStation CT and CL-Quant 
software (Nikon Corporation). The CT allows continuous imaging and incubation 
of the cells undergoing reprogramming. In these studies the CT generates 
spatially aligned images which are formed into a composite of tiled image 
sequences upon loading in CL-Quant covering the complete 10 cm dish. One time 
point consists of 21, 7x7 image tilings as shown in the �igure above (white scale 
bar = 2,000 µm). The CT provides long term, whole vessel coverage enabling  
detection of the rare iPSC colony formation events. 
In this study we used three patient samples including both healthy neonatal and 
diseased samples from Spinal Muscular Atrophy (SMA) patients. All samples 
were imaged once every 6 hours using a phase contrast microscope and 4x 
objectives. 
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Figure 1. Monitoring rare iPSC colony formation on BioStation CT

Figure 2.  iPSC colony formation detection at early time points

B.1 B.2

The detection of rare iPSC colony formation events is done using a kinetic image 
pattern recognition (KIPR) module. The steps, shown in A),  include detection of 
the emerging colonies and tracking, quantitative kinetic characterization of the 
colony formation, �iltering of noise and obvious false detections, and �inally �ine 
classi�ication of similar looking colonies using decision trees. B) The initial 
detection is done very early when the colonies �irst emerge (B.1. green circle) 
using CL-Quant Colony Analyzer recipe, and there are necessarily many false 
positives. B.2 shows the enhanced image used in detection and red circles 
indicate false positives. Scale bars are 50 µm.
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Figure 3. Kinetic characterization and classi�ication of iPSC formation
The colony “tracks” are quanti�ied and true iPSC formation events are classi�ied 
using temporal statistics of shape, texture, size and other instantaneous 
measurements. Figure 3 shows area (solid line) and compactness (dashed) line 
measures for a iPSC colony (orange outline) and non iPSC colony (green outline) 
in the �irst 5 frames (24 hours) in which they are detected. Colony tracking and 
measurements are generated using CL-Quant, after which the data is exported. 
Rates of change and kinetic summary statistics can be used to reliably classify 
iPSC formation events. Classi�ication is performed using Regulated Decision Tree 
technology and our proprietary in-house tools under development  (see 
Discussion). 

Results
Category Rule Set Study Set

iPS

non-iPS

Total count

PPV

17 287

1 10,261

18 10,548

0.944 0.027

It is challenging to con�irm the true status (i.e. 
bona �ide iPS) for all the hundreds or 
thousands of colonies in a plate. In practice, 
scientists usually just select a few fully 
reprogrammed colonies per patient to expand 
for the creation of patient speci�ic cell lines.  
Therefore, we use positive prediction, a 

* p-value 4.59x10-123

Discussion

iPSC

Figure 4. Pre-tracking before 1st detection
It is possible to track backwards from the �irst detection frame (shown in red 
outline above) to extract the earliest possible measurements of colony formation. 
The �igure above shows thumbnails of iPSC and non iPSC colonies before and 
after the �irst detection shown with red border (six hours between image). Scale 
bars are 50 µm.

Figure 5. New classi�ication trees with pre-tracking measures
We took the candidate colonies from the more uncertain nodes (above the red 
circle) and re-trained the classi�ier incorporating pre-track measurements. A) 
shows the decision tree used to achieve the results described above and its 
contingency table, and B) shows the new tree and contingency table using 
pre-track measurements. While both trees achieved zero false positives on the 
training data, the new tree has a simpler structure. The terminal nodes have more 
samples (as a percentage of the number of training samples) and all the iPSC are 
located in a single node (indicated by red font). It also has a lower miss detection 
rate (20% vs. 42.86%). We are hopeful that the use of pre-track measurements 
will provide a powerful performance boost. We are now evaluating the 
performance on a large database of 16 patients. 
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Positive Predictive Value

measure of the effectiveness of selection, to evaluate the rule as compared to 
random selection. As shown in the table, the positive predictive value (PPV) is 
de�ined as the proportion of true iPS in each set. Our rule set is compared to the 
entire study set of colonies (equivalent to random selection) as a control. iPS 
truth for our rule set is determined by con�irmation of the pluripotency marker 
TRA-1-60, and also con�irmation of the differentiation propensity in embryoid 
bodies using qPCR. iPS truth for the study set is estimated by using a TRA-1-60 
surface marker on the dish and counting any positive response – a rough 
con�irmation that tends to over-estimate the iPS colony count and therefore is 
biased in favor of random selection PPV. As shown in the table and �igure our rule 
performs well with just one false positive from over 10,500 detections. The rule’s 
PPV of 94% is signi�icantly higher than the 2.7% of the random selection (control 
set).  
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