
Spike Sorting 
 
This example was modified from: Gabbiani & Cox, Mathematics for Neuroscientists 
 
SpikeSort.m: Sorting spikes from noisy multi-unit extracellular recordings. 
 
MATLAB concepts covered: 
1. thresholding to find peaks in data 
2. using 'diff' to find events in continuous data 
3. PCA/SVD to reduce dimensionality of data 
4. 3D plotting 
5. ISI histograms     
 
In the previous exercise, we were dealing with the spike rates produced by a single 
identified neuron as recorded with an extracellular electrode. Now we're going to take a 
step backwards in the data analysis process. The raw data recorded from an extracellular 
electrode usually contains "action potentials" (a.k.a. "spikes") from multiple different 
neurons plus noise. So before we can measure spike rates, we need to identify spikes 
from single neurons. We do this by comparing the waveforms of the individual spikes: 
the spike from a given neuron that is a fixed difference from the electrode will have a 
relatively stereotypical waveform; since different neurons will have different spatial 
relationships with the electrode, their waveforms will differ. Our task here is to identify 
clusters of shapes (waveforms). To do this we first need to separate the continuous 
voltage trace into discrete events (= spikes) and align them. As you'll see below, each 
spike will consist of 601 data points, which consist of the digitized voltage over a period 
of 12 ms. This means that each spike has 601 dimensions: we need 601 numbers to 
describe it. But there exist many elegant methods for reducing the number of dimensions 
that we need to describe things. One of these is known as "principle components 
analysis" ("PCA" for short). Essentially what this does is search for linear combinations 
of our original dimensions that maximize the explained variance in the data. In this 
exercise, we will use "singular value decomposition" (SVD) to perform PCA on our spike 
waveforms. The linear algebra behind SVD is actually quite hairy and way beyond the 
scope of this course. In class, I'll give a brief demonstration in two dimensions that 
should give you some intuitive notion of how PCA works. But our ignorance of the 
mathematics behind SVD does not necessarily hold us hostage, since we can generate 
arbitrary data (where we know what the right answer is) add varying amounts of noise 
and then use this fake data to see whether the mysterious algorithm ('svd' in this case) is 
behaving in the desired way. 
 



Load in some data recorded using an extracellular electrode: 
 

load SpikeSortData;   
 
This file contains 3 variables: 
 

'Time' is the time-base, from 0 to 3000 ms in 0.02 ms steps. 
'Vtotal' is the digitized voltage trace of all spikes. 
'Vspikes' is the data from the individual neurons, with each column representing 
the voltage trace of the spikes generated by one neuron. 

 
Ex. 1: In one figure, make separate plots of the three individual neurons and the 
total trace. 
 
The data are very condensed, so use the zoom tool to expand parts of the trace. You 
should be able to see action potentials ('spikes') of three different sizes. In this case we 
know that there are three, because we generated them ourselves. We will use this 
knowledge below to see how well our spike-sorting algorithm has performed. 
 
Ex. 2: Compare the sum of the individual spikes with the trace in Vtotal. 
 
What do you notice about the variability in spike heights comparing the two? Why might 
this be? 
 
In order to sort and analyze the individual spikes, the first thing we need to do is break up 
the "continuous" voltage trace into discrete events containing single spikes. Looking at 
the raw voltage trace, we see that spike events are generally much bigger than the noise.  
We also notice that there are some very large events that are clearly bigger than any of 
the spikes we generated. What is going on here? These represent the superposition of two 
spikes, which is rare in real recordings. 
 
Ex. 3: Identify contiguous blocks of data that belong to the single spikes. Plot this on 
top of the raw voltage trace (Vtotal). 
 
How can we break these up into discrete events? If you zoom in on this new trace, you'll 
see that all of the green dots within a single spike are neighbors, and that there are gaps 
between the spikes. Another way to see what's going on is to actually plot our indices.  
From a distance, this looks like a smooth line, but if we zoom in, we'll see that it is 
jagged, with smooth, nearly horizontal lines broken by sudden vertical jumps. 
 
Ex. 4: Identify the indices of the beginning of each thresholded spike. 
 
We now have a list of start-points for candidate spikes. Now we need to plow through 
this list of events and grab some actual data (remember that thus far we have been 
working with indices!) from both sides of the index. From looking at the raw traces, we 



see that our spikes are generally less than 10 ms in width, so, to be safe, let's grab 3 ms  
before and 9 ms after each event marker. 
 
Ex. 5: Generate an n x 601 array called 'SpikeData' that will contain all of the 
spikes; each spike's data in one row. Exclude events whose peak is greater than 4 
mV. Plot the data. 
 
Once we've got our spikes aligned in one big array, we can use singular value 
decomposition to help with the sorting. Basically, you can think of each spike as a vector 
of 601 dimensions. That is, each spike is uniquely defined by 601 numbers consisting of 
the voltage value at each of 601 time points. But perhaps we can effectively describe our 
spikes with fewer dimensions. We'll use SVD to find new coordinates that maximize the 
variability accounted for in our spikes.  We first need to transpose the array for 
subsequent analyses. Now each spike is a single column and time runs along the rows. 
The details of how SVD works are well beyond the scope of this course. For now, just 
use it and see what it does! 
 
SpikeData = SpikeData'; 
SpikeNum = size(SpikeData,2); 
SpikeData = SpikeData - repmat(mean(SpikeData,2),1,SpikeNum); 
[Y,Sig,X] = svd(SpikeData); 
sig = diag(Sig); 
figure; semilogy(sig(sig>1),'kx-')      % plot the significant singular values 
xlabel('index','fontsize',14); ylabel('singular value','fontsize',14)l 
 
This is interesting. The singular value, in this case, gives us a measure of how much of 
the variance each new vector is accounting for. We can see that the first 3 or 4 account 
for a lot, and subsequent ones not so much.  In order to see where each spike falls in our 
new space, we plot each spike according to its projection on the first three principle 
components.  To do this, we just multiply our SpikeData matrix by the vector defining 
each of the first three principle components. This is matrix multiplication, not element 
multiplication:   
 
SpikeData' is 98 x 601 
 
Y(:,1) is 601 x 1 and corresponds to the coordinates of the 1st principle component 
 
so the matrix product is 98 x 1 
 
Essentially, the 601-vector defining the 1st principle component is multiplied by the time 
series for each trace to get one value (the magnitude of the projection of that trace onto 
the 1st principle component) for each spike. Spikes that have a similar projection onto the 
1st component will be plotted near each other. 
 
Ex. 6: Calculate the projections of all neurons onto the 1st three principle 
components and plot them in three dimensions. 



 
Use the 'Rotate 3D' tool on the figure to see where each cell falls in this new space. You 
can see pretty clearly that the data fall into clusters (with a few stragglers). In most 
modern "Spike-sorting GUIs",one can use the mouse to draw circles around clusters of 
points in the  PCA-space and thus define the range of values that will be accepted as a  
spike belonging to one neuron.  In this case, we know which spikes belong to which 
neurons, because we generated them ourselves. We can thus go back in and calculate the 
projections for each spike from each known neuron and then color code them. 
 
Ex. 7:  One reality check for spike sorting is to look at the interspike intervals. How 
might this help? What does this tell you about the way the spikes were generated? 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


