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I. Abstract 

 The cerebellum, the part of the brain responsible for balance, coordination, and fine 

motor skills, contains highly branched cells known as Purkinje neurons. The extensions that 

project from the neurons and give them their distinct tree-like appearance are dendrites. The 

dendrites receive information from surrounding granule cells about the location of body parts in 

space and time (Morrison and Mason 1998). Each Purkinje neuron has hundreds of thousands of 

connections to granule cells which allow them to properly receive this spatial information 

(Kapfhammer 2004). If these cerebellar connections are incorrect or insufficient, they can cause 

locomotion disorders known as ataxias (Akbar and Ashizawa 2015).  

 Because each Purkinje cell has such complex dendrites, Purkinje neurons are ideal 

models for studying dendritic development (Hirano 2018). The Morrison lab treats mouse 

Purkinje cells grown in culture with pharmacologic inhibitors to better understand the cells’ 

signaling pathways. The resultant changes in dendritic growth can be quantified using semi-

automated Sholl analysis, a custom designed computerized software algorithm which overlays 

concentric circles onto images of neurons and plots the neural intersections with each circle. 

Sholl analysis provides detailed information about changes in dendritic growth (King 2019). This 

project hypothesizes that the algorithm previously developed by King in 2019 is accurate and 

useful, and can be made sufficiently accessible for use by junior lab members. Additionally, that 

Kruskal-Wallis testing is the most appropriate statistical test for the data generated by the 

algorithm. 

 This project developed a supported and updated version of King’s original 2019 

algorithm, as well as a lab manual-style user guide to bolster accessibility. Both documents were 

validated extensively with trial runs of novice users to ensure user-friendliness. The updated 

algorithm generates accurate measurements of artificial images with known dimensions, and 

requires further validation against previously-manually traced images. Using this new algorithm 

with the semi-automated software, users spend an average of 3-5 minutes analyzing a cell, 

compared to 20 minutes with the previous manual tracing method and generate statistically 

similar results (Kramer 2018, King 2019).  
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II. Background 

A. Purkinje neurons 

 The cerebellum is the part of the brain responsible for coordinating fine and gross motor 

movements and balance. Previous studies have discussed its potential role in cognition and 

modulation of both sensorimotor feedback and/or thought and behavioral outcomes (Koziol 

2014). It is located at the back of the brain, inferior to the temporal and occipital lobe, and 

superior to the medulla oblongata. The primary output neurons of the cerebellum, known as 

Purkinje neurons, are easily recognizable by virtue of their unique, highly arborized branching 

pattern (Kapfhammer 2004). A Purkinje neuron image is seen below in Figure 1. 

 
Figure 1. Purkinje neuron from mouse cerebellum imaged using confocal microscopy (Martone et al. 2002) 

 The extensions that project from Purkinje neurons and give them their distinct tree-like 

appearance are dendrites. As seen below in Figure 2, mossy fibers from the pons bring in 

information about movement commands from the motor cortex, which is located in the frontal 

lobe. The mossy fibers synapse onto the granule neurons, which then synapse onto the Purkinje 

neurons, and communicate information about commands from the motor cortex (Purves et al., 

2001, Morrison and Mason 1998). Each Purkinje neuron has hundreds of thousands of 

connections to granule cells which allow them to receive this spatial information accurately and 
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efficiently. The diagram below, in Figure 2, illustrates this complex cerebellar circuitry. The 

exceptional dendritic branching and characteristic structure of Purkinje neurons make them ideal 

models for the study of dendritic development (Kapfhammer 2004). 

 

 
Figure 2. Neurons and circuits of the cerebellum. (A) Neuronal types in the cerebellar cortex. (B) Diagram showing convergent 

inputs onto the Purkinje cell from parallel fibers (Purves et al. 2001) 

 If these intricate cerebellar connections are incorrect, they can cause movement 

coordination disorders known as ataxias. Generally characterized as gait disorders, ataxias cause 

imbalance and dysfunctional coordination of various combinations of the limbs, eyes, or tasks 

that require a high degree of fine motor control (Diener and Dichgans 1992). Patients with 

ataxias very often have difficulty with daily tasks, and in severe cases, independent living. The 

specific underlying physiology of ataxias is not well understood, and no form of ataxia is 

curable. Current clinical treatments for ataxias are aimed at symptom management, and a cure 

does not yet exist (Akbar and Ashizawa 2015). However, further research into the signaling 

pathways that regulate dendritic growth and development could lead researchers towards 

developing a potential treatment for ataxia patients (King 2019). 
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B. Neurotrophins 

 Previous research has indicated a relationship between small molecules known as 

neurotrophins and Purkinje neuron development. Treatment of cultured Purkinje neurons with 

brain-derived neurotrophic factor (BDNF) alters both the size and number of dendritic spines 

(Shimada, Mason, and Morrison 1998). In order to cause these morphological variations, BDNF 

binds to TrkB integral membrane receptors and causes shape changes (Huang and Reichardt 

2003). Given this background information, subsequent investigation may determine which 

signaling pathways inside the cells are activated by BDNF binding to TrkB. Of the downstream 

pathways, this research focuses on the PI-3K and MAPK pathways.  

Morphological changes can be observed in Purkinje neurons by selectively and precisely 

inhibiting various pathways during their growth and development. The phosphatidyl inositol 

triphospate-3 (PI-3) kinase and mitogen-activated (MAP) kinase signaling pathways are involved 

in these essential processes in other types of neurons (Huang and Reichardt 2001). Mouse 

Purkinje neurons grown in culture with varying doses of PI-3 kinase or MAP kinase pathway 

pharmacological inhibitors exhibit morphological changes. Quantifying the resultant 

morphological changes can yield insight into the role of each manipulated signaling pathway in 

the ultimate structure and function of Purkinje neurons (Vlahos et al. 1994, Alessi et al. 1995, 

King 2019).  

 In 2003, Huang and Reichardt published a paper detailing the roles of receptor tyrosine 

kinase (Trk) receptors in neuronal signal transduction. Trk receptors are activated by 

neurotrophins, a family of secreted growth-factor proteins that influence the shape and survival 

of neurons and are all similar in amino acid sequence and structure. Neurotrophins activate two 

different classes of cell surface receptors, specifically, the p75 neurotrophin receptor (p75NTR) 

and Trk family receptors (Huang and Reichardt 2001). When these cell surface receptors (p75NTR 

and Trk) are activated, they go on to activate intracellular signaling pathways. The MAP kinase 

and PI-3 kinase signaling pathways, delineated below in Figure 3, are two examples of those 

initiated by cell surface receptors (Huang and Reichardt 2003).  In cortical neurons, the MAP 

kinase pathway plays a role in the regulation of dendritic morphology, and the PI-3 kinase 

pathway is involved in survival signaling (Segal 2003). 
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Figure 3. Diagram of TrkB receptor-mediated signal pathways (Huang and Reichardt 2003). BDNF, TrkB, and pecific 
sites of inhibition by LY294002 and PD98059 are in red. The PI-3 kinase pathway is highlighted in yellow and the 
MAP kinase pathway is highlighted in blue.  

 Brain-derived neurotrophic factor (BDNF) is a specific neurotrophin that has been shown 

to promote Purkinje cell survival (Larkfors et al. 1996; Morrison and Mason 1998). BDNF can 

bind with high affinity to TrkB receptors on both Purkinje neurons and their adjacent granule 

cells. When BDNF binds to a Trk receptor on the surface of the cell, tyrosine 490 is 

phosphorylated, and recruits an adaptor protein (Shc). After Shc is phosphorylated, a SOS/Grb2 

complex that is an exchange factor for Ras becomes active. The Ras protein now is “switched 

on” and can initiate the activation of the MAP kinase pathway (Huang and Reichardt 2003).  

 In the PI-3 kinase activation cascade, PI-3 kinase phosphorylates cell survival proteins, 

including Akt, another protein kinase. Phosphorylated Akt can act on the apoptosis (programmed 

cell-death) pathway molecule Bad (Huang and Reichardt 2003). Thus, if the PI-3 kinase pathway 

is overly inhibited in a cell, the cell may die.  

 In the MAP kinase activation cascade, seen in Figure 3, Ras phosphorylates Raf, which in 

turn phosphorylates MEK 1/2, which phosphorylates Erk 1/2, which phosphorylates Rsk 

(usually, but not always). Each of the aforementioned kinases provide tremendous signal 

amplification. Rsk or Erk1/Erk2 protein kinase enters the cell’s nucleus to stimulate gene 
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transcription indirectly. Rsk phosphorylates cAMP response element-binding protein CREB, 

enabling it to bind to DNA to change transcription of several differentiation and survival genes, 

such as BDNF (Huang and Reichardt 2003).  

LY294002 is a small molecule competitive inhibitor of the PI-3 kinase pathway, and 

PD98059 is a small molecule noncompetitive inhibitor of the activation of the MAP kinase 

pathway. Both inhibitors are highly selective pharmacological compounds used in this project, 

with LY294002 inhibiting the activation of PI3 kinase molecules and PD98059 inhibiting the 

activation of MAP kinase kinase, also known as Erk 1/2 (Vlahos et al. 1994; Alessi et al. 1995). 

 
Figure 4. PD98059 molecular structure 

(https://cdn.stemcell.com/media/files/pis/28116PIS_1_2_0.pdf?_ga=2.50902505.1359754164.1619615391375242719.16196153
91). 

 PD98059, whose full chemical name is 2-(2-amino-3-methoxyphenyl)-4H-1-benzopyran-

4-one (Figure 4), binds to inactive MEK1 and prevents it from phosphorylating Erk 1/2 (as seen 

in Figure 3; Rosen et al. 1994). PD98059 was found to have no inhibitory effect on other MAP 

kinase kinase/MEK-1/2 homologs (Alessi et al. 1995).  

 
Figure 5. 94002 molecular structure  

(https://cdn.stemcell.com/media/files/pis/28114-PIS_1_2_0.pdf?_ga=2.247198404.1359754164.1619615391-
375242719.1619615391). 

 LY294002, whose full name is 2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-one, is a 

synthetic compound that inhibits both endocytosis and vacuolar transport (Figure 5; Takáč et al. 

2013) and blocks phosphorylation of Akt 1/2 by PI-3 kinase in the PI-3 kinase pathway (Huang 

and Reichardt 2003). Unlike other PI-3 kinase pathway inhibitors such as quercetin that work on 
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a variety of kinases, LY294002 specifically pinpoints PI-3 kinase and was found to have no 

inhibitory effect on other parts of the pathway (Vlahos et al. 2014). These highly selective 

molecules are ideal for studying the effects of inhibiting these two specific spots in these two 

neural signaling pathways. 

  
C. Morphometry 

 To accurately and reliably study the morphological changes in cells with inhibited 

signaling pathways, cell body size, dendrite branching, and dendrite length must be 

quantitatively evaluated (Dressler 2017). Current methods to assess cell body size, dendrite 

branching, and dendrite length involve manually tracing images of the neuron using MetaVue 

software. This method is time-intensive and introduces bias through human error and user 

variation (Kramer 2018, King 2019). 

 Since the seminal paper published in 1953 by D. A. Sholl outlining a novel method for 

the quantification of neuronal morphology, several publications have offered variations on the 

original. Neuronal quantification has proven to be a complex process, and new methods to 

increase efficiency are regularly presented (Sholl 1953, Gutierrez and Davies 2007, Gensel et al. 

2010).  

 Sholl (1953) created a method of analysis in an effort to quantify neuronal outgrowth 

more accurately. Sholl used pyramidal (cone-shaped) and stellate (star-shaped) neurons from the 

visual and motor cortices of a cat. To establish an initial measurement, he numbered dendrites 

according to their relation to the perikaryon (cell body), and measured their branching patterns 

and densities. He then overlaid concentric circles onto the neurons being studied, as seen in 

Figure 6, and arbitrarily assigned 5 micrometer (µm) distances between the circles. The number 

of points of intersection between the dendrites and the circles were then plotted according to 

their relative distances from the cell body. These plots are seen in Figure 6. Sholl analyzed his 

data using correlation diagrams between the numbers of dendritic branches, cell body volume, 

and length of dendrites. Application of this technique is fairly limited, however, because it is 

highly labor-intensive. 

 



10 
 

  
Figure 6. Images taken from seminal Sholl paper. Left: Diagram of a stellate cell showing series of concentric circles separated 
by 5 µm centered over the cell body. Middle and right: Graphs showing the relationship between the number of intersections/unit 
area and the distance from the perikaryon in um for a single stellate cell (Sholl 1953).  
 

Gutierrez and Davies (2007) introduced a variation of this quantification method, seen 

below, that was intended to increase processing speed and accuracy. Using nodose (sensory) 

neurons, they developed a method that considered the bifurcations and terminal points of neural 

processes in an attempt to quantify their extent, as seen in Figure 7B. While potentially more 

efficient in nodose neurons from the inferior ganglion of the vagus nerve, which only develop a 

few simple arborizations, this method would not be so efficient with Purkinje neurons, given 

their more extensive branching. This method also has the potential to underestimate the number 

of ring intersections for cells with branches crossing a single ring several times. 

 

 
Figure 7. A. Representation of conventional Sholl analysis. B. Representation of simplified Sholl analysis procedure. ‘b’ labels 

indicate points of bifurcations. ‘t’ labels indicate terminal points. (Gutierrez and Davies 2007) 

Finally, Gensel et al. (2010) developed the variant of Sholl analysis that is the model for 

this project – a semi-automated method. This method uses MetaMorph Software, a bioinformatic 

acquisition and analysis software by Molecular Devices (MetaMorph Microscopy Automation 
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and Image Analysis Software). Gensel and colleagues used images taken from adult, wild-type 

C57BL/6 mouse dorsal root ganglia cultures. In semi-automated Sholl analysis, a user begins by 

manually outlining the cell of interest in MetaMorph, an image analysis software (Figure 8A). 

The concentric Sholl rings are manually centered over the cell body (Figure 8B), and then the 

user manually adjusts the image threshold to tell the computer which pixel colors are part of the 

cell, and which are not (not pictured). From these modifications, a binarized (black and white) 

cell image is generated (Figure 8C), and each collection of pixels that are black (part of the 

neuron) and intersecting the Sholl rings (Figure 8C’) is then logged to a text file and quantified 

as 1 intersecting neurite. Figure 8D and Figure 8D’ show a higher-resolution example of a 

superimposed Sholl ring and resultant number of intersections recorded. A more comprehensive 

explanation of the processing sequence can be found in “Results”.  

 

 
Figure 8. Processing sequence for semi-automated Sholl analysis. “A” shows the results of manually tracing the perimeter of the 
cell of interest. “B: illustrates the concentric Sholl rings overlaid onto the cell body. “C” shows the binarized image, and “C’” 
shows the corresponding collections of co-localized pixels that will go on to generate the Sholl profile for this neuron. “D” and 
“D’” show a higher-resolution example of a superimposed Sholl ring and resultant number of intersections recorded (Gensel et 

al. 2010).  

 Using MetaMorph software, this semi-automated quantification method eliminates most 

human input. In MetaMorph, a user manually outlines the cell of interest and excludes 

extraneous cells and cell debris from the manually-outlined area of interest. The brightness of the 
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image is adjusted to better visualize contrast and specific cell structures. Through a process 

known as thresholding, the user manually designates the cell from the background of the image. 

MetaMorph automatically generates a binary image from the threshold, with black “cell” pixels 

and white “background/non-cell” pixels. The software only recognizes black pixels for 

measurement. Once the Sholl ring template is superimposed onto the cell by the user, 

MetaMorph calculates the number of intersections of each Sholl ring with a black region. 

Measurement parameters can be specified to include cell area, specific region areas, cell length, 

width, and height. These data are then automatically exported to an Excel file, saved, and stored 

for future analysis. This removes the limitation of human processing speed and allows the 

process to progress much more quickly. More importantly, however, it greatly reduces the 

potential for human decision-making and thus, error or variations. The resultant data are referred 

to as Sholl profiles, or Sholl data.  

 

D. Statistical analysis  

 There has been some discussion in the field about the appropriate statistical testing to use 

for analyzing Sholl data. Of the literature reviewed in this project, Gutierrez and Davies (2007), 

Gensel (2010), and O’Neill et al. (2015) all utilized an analysis of variance (ANOVA) test, 

which is a parametric statistical test that compares the means between independent groups. 

Parametric statistical tests are used to analyze normally distributed data. Because Purkinje 

neurons are so highly branched and the dendrites are so unique between each neuron, the Sholl 

data from Purkinje neurons do not appear to follow normal distribution patterns. This indicates 

that past use of parametric testing is inappropriate for our data, and the use of non-parametric 

testing, which does not assume normal distribution, is supported (King 2019).  

 The Wilcoxon signed-rank, Mann-Whitney U, and Kruskal-Wallis H tests are all non-

parametric tests that have been used to analyze data sets that do not follow normal distributions 

and are potential options for this project. The Wilcoxon signed-rank test is used to analyze paired 

data and is commonly utilized to analyze data from pre- and post-treatment measurements of the 

same subject. The Mann-Whitney U test compares the differences between two independent 

samples, and the Kruskal-Wallis H test analyzes 2 or more independent data sets to determine 

differences in central tendencies of their distributions (Rosner and Grove 1999; Rosner, Glynn 

and Lee 2006; King 2019). For this project, when comparing the number of intersections per 
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Sholl ring between multiple treatment groups and a control group, the Kruskal-Wallis H test is 

likely the most appropriate. However, due to the dissent in the background literature as to which 

statistical tests are truly appropriate for use in analysis of Sholl data, there is a need for deliberate 

consideration of the issue.  

 The semi-automated Sholl analysis algorithm that this project aims to validate and 

improve will more accurately and precisely quantify the changes in cell shape. By inhibiting 

specific cellular signaling pathways, greater information can be learned about the pathways that 

regulate cerebellar Purkinje neuron development. A greater understanding of these delicate and 

intricate cellular processes can ultimately lead researchers to potential treatments for human 

ataxia patients. 

III. Methods 

A. Materials overview 

To generate the initial Purkinje cell cultures, C57BL6/J mouse pups from a breeding 

colony were reared and handled in accordance with GCULA regulations and IACUC-approved 

protocols, and brains were removed from newborn pups. The cerebella were dissected out, the 

pia was removed, and the cells were treated with trypsin, dissociated, passed through a 30-µm 

nylon filter, and plated. Horse serum-containing medium was removed and replaced with serum-

free medium the morning after the cultures were plated.  The full volume of culture medium was 

replaced every 3-4 days with fresh medium containing the inhibitors. Standard cell culture 

protocol was followed to maintain living Purkinje cells while treating with pharmacological 

inhibitors (Morrison and Mason 1998, Shimada, Mason, and Morrison 1998). 

The specific pharmacological inhibitors PD98059 or LY294002 were added to the cell 

cultures, following a dose-response curve model, with 0 µM, 10 µM, 20 µM, or 100 µM 

PD98059 or 0 µM, 0.1 µM, 0.5 µM, 1 µM, 5 µM, or 10 µM LY294002 in serum-free culture 

medium. These cultures were incubated for 14 days, fixed with paraformaldehyde, then stained 

with rabbit anti-Calbindin-D28K (primary antibody), goat anti-rabbit peroxidase (secondary 

antibody), and diaminobenzidine substrate. Slides were coverslipped with Permount. 

Images were selected for capture from predetermined visual fields to minimize user bias. 

Cells were selected from each of two wells from nine predetermined visual fields, labelled A-I 

(Figure 9A). For a Purkinje cell to be usable, it could not overlap with other Purkinje cells. If no 
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usable Purkinje cell was found within the predetermined visual field, the surrounding visual 

fields were scanned following a pre-determined sequence until an isolated cell was found (Figure 

9B). Slides were blinded to users via a coding system to further reduce bias. A Nikon TE2000U 

inverted microscope and differential interference-contrast (DIC) optics were used to capture 

images for analysis (Kramer 2018). 

 

 
Figure 9. Method of Cell Selection. (A) Represents the entire culture well. Smaller circles represent individual visual fields 
under the microscopes, labeled A-I. (B) Surrounding visual fields 1-24, used if the lettered visual field lacked a visible 
Purkinje cell (Kramer 2018, King 2019).  

 A custom computer was built by Carli King in 2019 with sufficient processing and 

storage capability to run version 7.10.2 of the MetaMorph software, in order to analyze the 

captured images. 

B. Semi-automated Sholl analysis overview (see Appendix II for step-by-step 
instructions and screen shots) 

 Copies of original Purkinje cell culture images were analyzed using the customized semi-

automated Sholl analysis algorithm developed by Carli King in 2019. Based on the total 

magnification of each image, the appropriate calibration factor was selected and applied to 

calibrate the image from pixels to µm. Cells of interest (Figure 10A) were traced roughly to 

exclude extraneous granule cells or debris (Figure 10B). Cells were thresholded to differentiate 

cell from background and to include dendritic processes (Figure 10C). Areas of the image were 

manually determined to be included in the image measurement by adjusting the range of pixels 

for inclusion (a process known as thresholding). A binarized (black-and-white) image was 

produced based on the thresholded image (Figure 10D). Pre-formulated templates of concentric 

circles increasing in diameter by 10 µm were superimposed over the cell body of the traced 
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image (Figure 10E). Finally, the measurement (number of intersections) was plotted against the 

diameter of the Sholl ring to generate a Sholl profile graph. The current version of the protocol 

used in Figure 10 can be found in Appendix II.   

 

Figure 10. Images of primary processing and analysis steps of semi-automated Sholl analysis using MetaMorph software. Panel 
A shows the original cell image, and panel B shows the image after manual tracing of the perimeter. Panel C illustrates the 
thresholded image, and panel D shows the binarized image. Panel E illustrates the overlaid Sholl rings onto the thresholded 

image. Intersections between rings and the cell go on to create the Sholl profile, seen in panel G (Brinkerhoff 2021, unpublished). 

1. Software updates 

 The MetaMorph version in the Heim 105B Student Research Lab (at Lycoming College, 

in Williamsport, PA, 17701) was updated to Meta Imaging Series version 7.10.3 since Carli King 

last made instructional updates to the first edition of the algorithm (Meta Imaging Series version 

7.10.2). Thus, it was necessary to run through the algorithm as it was originally written (for 

version 7.10.2), to ensure that each individual step worked as expected on the updated version 

(version 7.10.3) of the computer. 

 Each step of the original algorithm was attempted. The outcome of attempting each step 

was categorized as either successful or unsuccessful, determined by whether the step achieved 

the desired goal, generated the appropriate data, or if the subsequent step in the sequence was 
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reached. Successful steps were noted as “successful”, and unsuccessful steps were noted as 

“unsuccessful”.  

 For unsuccessful steps, the first objective was to record the exact actions taken during the 

initial attempt to complete the step. This was accomplished through taking screen-shot images 

directly from the computer, printing them, and gluing them into a lab notebook. The specific 

issue was also explained in the notebook.  

 From there, the following resources were consulted in order: Carli King’s lab notebook, 

the MetaMorph user manual, and background literature as appropriate. If a resource earlier in the 

sequence contained the information necessary to resolve the issue, the subsequent resource was 

not consulted.  

 Once the issue was resolved, the algorithm was updated to reflect the new procedure. The 

exact actions taken during the successful attempt to complete the step were again inserted into 

the lab notebook, with clear explanations of the differences between the new procedure and the 

previous issue. 

2. Increasing accessibility 

 The original algorithm was written by a user with a high degree of expertise in computer 

programming and MetaMorph software. Therefore, the algorithm itself was a short and concise 

document without contingencies or explanations. The goal of this project was to create an 

algorithm that is sufficiently user-friendly to enable non-specialist, junior lab members to utilize 

it.  

To bridge this gap, it was necessary to go through each step of the algorithm and add 

screenshots of the corresponding processes in MetaMorph. This should enable users to compare 

the live software functions to a previously-established protocol that guides the process.  

  Additionally, “if/then” caveats were added to the algorithm to provide contingency plans 

in the event the software or user deviates from the algorithm steps. Because no two images are 

alike, and all users are vulnerable to making errors or erroneous computer mouse clicks, it is 

helpful to have alternate directions in the event of an unforeseen issue.  This fully annotated 

algorithm is presented in Appendix II.   
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 A “plain English” version of the algorithm containing a glossary of terms was also 

developed to deepen understanding of each step. This version was written in similar style to a lab 

manual, with comprehensive explanations and background information regarding each image 

modification. This version is found attached in Appendix I. 

 Both the substantiated/updated algorithm and the “plain English” version were tested on 

3 different images by 3 junior lab members (each member tested 1 image) without previous 

experience with the software. They provided feedback on confusing or unclear steps. This 

feedback served to guide further edits and clarifications of both the final version of the algorithm 

and the explanatory version.  

3. Validation  

 Once the software and the algorithm were working as expected, it was necessary to 

ensure they were accurate. This was accomplished by using the software to quantify artificial 

images with known measurements. Test images of varying but known sizes were created using 

MetaMorph software to validate the algorithm. These geometric figures were measured 

correctly. 

 

Figure 11. Test image with three boxes of varying sizes created using MetaMorph and corresponding measurements (all in 
pixels) logged in Excel. Boxes 1-3 are labelled in red on the left, and their area, width, and height are on the right. Object # 1 
corresponds with box 1, etc (Brinkerhoff 2021, unpublished).  

If the software had returned measurements that deviated significantly from the known 

measurements for the images, it would have been necessary to proceed through each step of the 
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algorithm and reference MetaMorph protocols, user groups and technical support services- to 

determine the cause(s) of the error(s). 

If the software returned measurements that were significantly similar to the known 

measurements, it was considered functional on a basic level, and went on to be validated against 

real images of cultured Purkinje neurons. For future work, to bolster confidence in the accuracy 

of both the software and the algorithm, they will both need to be validated a second time, against 

images which have been previously manually quantified in MetaVue (Kramer 2018).   

If, during this second validation cycle, the software returns measurements that deviate 

significantly from the original, known measurements, it will be necessary to proceed through 

each step of the algorithm and reference MetaMorph protocols to determine the cause of the 

error(s). 

If the software returns measurements from the second validation cycle that are 

significantly similar to the known measurements, it will be considered functional and accurate.  

It will then be used to generate new data from previously un-analyzed Purkinje neuron images 

from DCC and Netrin knockout mice. Analysis of these images will help to determine if the lack 

of these (DCC or Netrin) genes influences Purkinje neuron morphology. In the future, this 

method can be used to analyze other steps in the PI-3 and MAP kinase pathways, as well as other 

pathways. These new data will be displayed as Sholl profiles, which are graphs that plot the 

number of intersections against the distance from the cell body. 

 

C. Statistical Considerations 

To properly analyze the Sholl profile data once it is generated, statistical testing will be 

necessary. This work will need to be done by the next student working on the project. Depending 

on the characteristics of the data, the use of different statistical tests will be either supported or 

contraindicated. It will be necessary to first determine the normality of the data before assigning 

the appropriate statistical test (refer to section on Statistical Testing in Background above). 

1. Determination of normality 

The distribution of the data generated from the functional algorithm will need to be 

assessed. IBM SPSS Statistics 25 and the Shapiro-Wilk test for normality will determine whether 

the data follow a normal or non-normal distribution. From a random sample, the Shapiro-Wilk 

test for normality will calculate a statistical value indicating whether the sample originated from 
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a normal distribution (Shapiro and Wilk 1965). The Shapiro-Wilk test quantifies the similarity 

between the observed and normal distributions, then superimposes a normal curve over the 

observed distribution. It then computes which percentage of the sample overlaps with it, which is 

the “similarity percentage”.  

Ultimately, the Shapiro-Wilk test determines the probability of finding this observed 

similarity percentage. If p < 0.05, the data are not normally distributed. Specific and step-by-step 

instructions for running a Shapiro-Wilk test in SPSS are outlined in Appendix III.  If the data 

follow a normal distribution, they will require a parametric statistical test. If the data do not 

follow a normal distribution, they will require a non-parametric statistical test.  

2. Determination of appropriate analysis method 

Based on the results of the Shapiro-Wilk test for normality, the data will require either a 

parametric analysis method or a non-parametric analysis method. This again is a goal of future 

work on the project.  

If the Shapiro-Wilk test for normality indicates a normal distribution of data points, 

parametric tests will be employed. Analysis of variance (ANOVA) and paired and unpaired t-

tests are both common parametric statistical tests that have been previously utilized in Sholl 

analysis (Gutierrez and Davies 2007, Gensel et al. 2010, O’Neill et al. 2015). Analysis of 

variance compares the means between independent groups, which is useful in comparing data 

between several independent groups. Paired and unpaired t-tests determine if a significant 

difference exists between control and experimental groups. T-tests enable simple analysis of 

differences between sample means (O’Neill et al. 2015).  

If the Shapiro-Wilk test for normality indicates a non-normal distribution of data, non-

parametric tests will be employed. The Wilcoxon signed-rank test, the Mann-Whitney U test and 

the Kruskal-Wallis H test are all useful in analyzing data that do not adhere to a probability 

distribution (King 2019).  

The Kruskal-Wallis H test is the “non-parametric equivalent” of the analysis of variance 

test. Both tests asses potential equivalence of the means of independent groups, but the Kruskal-

Wallis H test does not indicate which groups differ and requires a post-hoc analysis to determine 

which specific data sets contain significant differences (Kruskal and Wallis 1952).  
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The Wilcoxon signed-rank test is the “non-parametric equivalent” of a t-test, as both tests 

compare the differences between sample means. However, the Wilcoxon signed-rank test does 

not assume that the data being analyzed follow a normal distribution. The Mann-Whitney U test 

is very similar, as it also compares the differences between sample means for non-normal data, 

but differs in that it calculates a statistic whose distribution under the null hypothesis is known. 

The Kruskal-Wallis test should be used to analyze data with more than two groups, while the 

Mann-Whitney U test should be used to analyze data with only two groups (Kruskal and Wallis 

1952, Rosner and Grove 1999, King 2019). Specific and step-by-step instructions for running 

Mann-Whitney U tests and Kruskal-Wallis H tests in SPSS are attached and outlined in 

Appendix III.  

IV. Results/Discussion  
 

A. Algorithm Updates 

Timeline: The first 5 weeks of work on this project were spent working through 

the original algorithm in an effort to progress through each step successfully. To 

overcome the data exchange issue, an additional 4 weeks were spent 

troubleshooting the software. 12 weeks were spent meticulously progressing 

through each step of the software and incorporating important instructions into the 

updated algorithm. Throughout the 12 weeks, background information, reasoning, 

and feedback from junior lab members were collated and developed into a user 

manual guide to the updated algorithm. Finally, approximately 3 weeks were 

dedicated to creating and analyzing artificial images.  

The MetaMorph software was updated from version 7.10.2 to version 7.10.3 in the time that 

elapsed between the end of King’s algorithm development in spring 2019 and the beginning of 

this project in fall 2020. The changes that may have resulted from this update necessitated a 

comprehensive review of the original algorithm, to ensure that each step was still generating the 

desired process and results from the software.  

The original algorithm, located in Appendix A of Carli King’s Honors Thesis (page 54), 

contained 23 steps, 4 images, and 658 words. This version, created in 2019, was concise, with 

minimal explanation of procedures, and intended for use by those already familiar with 

MetaMorph. After successfully resolving some documentation and user prompt dialog box 

errors, it was necessary to expand the algorithm to increase accessibility. The updated algorithm 
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(current file location GREENUSBANB (D:)\AnnabelleBrinkerhoff2020\Sholl Analysis 

Algorithm ANB_WorkingCopy) contains 23 steps, 46 images/figures, and 1414 words, a 

significant increase from the original. Junior lab members with no familiarity with MetaMorph 

are now able to use this version of the algorithm. This updated algorithm is attached in Appendix 

II and can be consulted as needed for reference against the subsequently outlined Processing 

Steps. 

On average, an experienced user spent 4 minutes to analyze one cell with this new algorithm. 

Each novice user spent approximately 11 minutes analyzing one cell, with no prior experience. 

In comparison to Emilie Kramer’s reported analysis time of 20 minutes for an experienced user 

performing manual neuron tracing, this method is significantly quicker (Kramer 2018). 

1. Processing Steps  

The 23 steps of the actual algorithm (found in Appendix II) have been separated into the 

6 following sub-heading categories, organized “a-g”: Initializing software, adjusting image pixel 

values, image dimension calibration and initial tracing, overlaying Sholl rings, excluding non-

Purkinje cell regions, thresholding and binarizing to “color in” only the Purkinje cell, and 

measuring Sholl ring intersections with the Purkinje neuron. 

 

a. Initializing software 

 In the first four steps of the original version of the algorithm, the user was instructed to 

launch the MetaMorph software, open a copy of the desired image, and open and save an object 

log in Microsoft Excel to store the data to be generated. When followed as outlined, these steps 

generated the expected response from the software. No changes were made to specific 

instructions in steps 1-4 of the updated algorithm, but file locations were clarified, and screen 

captures of each step were added. See Figure 12 for an unaltered image of a cell before it is 

prepared for analysis.  
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Figure 12.  Image “Copy e063mixLY14d3c363x”. Whole P0 mouse cerebella were dissociated and cultured for 14 days, fixed, 
and stained using rabbit anti-calbindin-D28k, goat anti-rabbit horseradish peroxidase conjugate, and DAB substrate, total 

magnification= 630X. (Brinkerhoff 2020, unpublished) 

b. Adjusting image pixel values 

 After the software has been instructed to record the measurements that it will soon 

generate, the image of the cell must be prepared. Step 5 of the original algorithm instructs the 

user to determine if the cell body is an “intense black color”, and if so, to lighten the image by 

increasing the brightness. A value of 0 corresponds to pure black and a value of 255, to pure 

white. If the image is too dark, the pixel intensity will be maxed out at a value of 0, and the 

software will be unable to differentiate the background from the cell. Increasing the brightness 

by 3 or 4 points enables the software to better differentiate the “background” pixels from the 

“cell” pixels in later steps. No changes were made to specific instructions in step 5, but 

differential images (one excessively bright, one appropriate, and one excessively dark) and 

screen captures were added to guide future users (Figure 13). See updated algorithm in Appendix 

II.  
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Figure 13. Image “Copy e063mixLY14d3c363x”. Differential images to assist in assigning brightness values. The left image, at a 
value of 20, is too dark, the middle is appropriate at a value of 53, and the right, at a value of 70, is too bright (Brinkerhoff 2020, 
unpublished).  

 In step 6 of the original algorithm, the user must determine if the image being analyzed 

has a white ring around the cell body from differential interference contrast (DIC) microscopy. If 

so, the area needs to be painted grey, so that MetaMorph will include it in the later thresholding 

steps. The original algorithm omitted clarification that the white areas must be traced before the 

paint specifications are to be selected. In the updated version of the algorithm, step six was split 

into step 6a (if a white area is not present) and 6b (if a white area is present). A section was 

added to clarify that the white areas must be traced before selecting paint color. Additionally, it 

was too reductive to only assess the cell body for DIC glare, as any area of the cell can 

potentially contain it. Explanations of specific techniques for inclusive tracing, a generalized 

statement for determining presence of DIC glare, and screen captures (Figure 14) were added.  

 
Figure 14. Images illustrating white areas of DIC interference, indicated by red arrows (Brinkerhoff 2020, unpublished).   

 In step 7 of the original algorithm, the user is instructed to select the journal (set of pre-

programmed analysis steps) to prepare the image and align the Sholl rings. No changes were 

made to specific instructions in step 7, but journal locations and screen captures were added.  

 
c. Image dimension calibration and initial tracing 
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 In step 8 of the original algorithm, the user must calibrate the image by selecting the 

appropriate calibration distance, which varies depending on the magnification used for image 

capture. No changes were made to specific instructions in step 8, but the image naming 

convention was added to the algorithm to aid in selecting the appropriate calibration to apply. 

The images to be analyzed are in pixels, and the software requires a conversion factor between 

the pixels and the actual size of the cell in the image in µm. This process is accomplished by 

calibrating the image. An image of a stage micrometer was captured on the microscope and 

analyzed in MetaMorph to determine how many pixels corresponded to each micrometer. 

Computer files were then generated to provide an absolute scale. Different calibration files exist 

for each microscope objective, depending on the magnification used during image capture. This 

process enables accurate and standardized analysis of images captured at any magnification.  

Screen captures were also added to step 8.  

 In step 9 of the original algorithm, the user is instructed to manually trace the outer 

perimeter of the cell of interest. Because mixed cell culture slides contain a combination of cell 

debris, non-Purkinje cells, and Purkinje cells, it is necessary to instruct the software which 

specific cell is to be analyzed. General regions of Purkinje cell margins need to be differentiated 

from surrounding cell debris or surrounding cells. This is accomplished via manually tracing the 

region using the computer mouse. The original algorithm provided very little explanation of this 

crucial process. This step was bolstered significantly in the updated version- the use of the “trace 

region” tool and its location were specified, instructions on how to close the traced polygon were 

added, and instructions on how to avoid aberrant data were added. Additionally, the importance 

of leaving a margin around the cell to aid in thresholding was emphasized. Figure 15 shows an 

image before and after tracing. Screen captures were also added to step 9.  
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Figure 15. Image “Copy e063mixLY14d3c363x”. Image before (left) and after (right) manual tracing (Brinkerhoff 2020, 
unpublished).  

 
d. Overlaying Sholl rings 

 In step 10 of the original algorithm, the appropriate Sholl ring template at the appropriate 

calibration must be selected. In subsequent steps, it becomes necessary to know the template 

selected, and the updated version of the algorithm states this explicitly. No changes were made to 

this step and screen captures were added.  

 In step 11 of the original algorithm, the user is instructed to move the Sholl regions over 

the center of the cell body (Figure 16). When following the original instructions, the rings moved 

independently of one another, which is an error. Through troubleshooting, “Move All Regions” 

dialog box was discovered that contained an option to move the rings as a single unit to center 

them. This is reflected in the updated version, and screen captures were added.  

 

Figure 16. Image “Copy e063mixLY14d3c363x”. Concentric Sholl rings superimposed onto image with corresponding “Move 
all Regions” dialog box (Brinkerhoff 2020, unpublished). 
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e. Excluding non-Purkinje cell regions 

 In steps 12 and 13 of the original algorithm, the user is instructed to trace areas to be 

excluded. As previously stated, mixed cell culture slides contain more than only the desired cells. 

The user must locate and trace to exclude, any cell debris, non-Purkinje cells or Purkinje cells 

other than the cell of interest.  No changes made to the updated version, and screen captures of 

dialog boxes were added.  

 In step 14 of the original algorithm, the user is instructed to either close the Paint Region 

dialog box or paint the region selected for exclusion. No instructions were provided for the event 

of multiple areas to exclude. This step was clarified in the updated version by providing 

instructions on how to delete the active regions (right-clicking on dynamic perimeter) and how to 

select each region and paint them individually (in the event of multiple). Screen captures of 

dialog boxes and regions to be excluded were added. 

 
f. Thresholding and binarizing to “color in” only the Purkinje cell 

 In step 15 of the original algorithm, the user is instructed to manually threshold the cell. 

No further explanations of proper threshold procedure were included. In the updated version, it is 

clearly stated that only the cell should be included in the threshold. A screen capture of the 

threshold process was added. Thresholding is a manual process that requires training. Users must 

have accumulated knowledge of how to interpret cell culture images, and/or clear examples of 

appropriate thresholding on actual cell images. Past experience and practice are essential to 

perform a successful and appropriate threshold for a given image. Figure 17 below gives 

examples of appropriate thresholding to help train new users. 

 
Figure 17. Image “Copy e063mixLY14d3c363x”.  Differential examples of thresholded images. The leftmost image is under-
thresholded; very few orange areas are continuous and there are clear “cell” areas that remain gray and uncolored. The middle 
image is appropriately thresholded; most orange areas are continuous, perimeters are logical and the threshold fits like a 
“mitten” (see Appendix I for explanation). The rightmost image is over-thresholded; many non-cell areas of empty space are 
included in the orange area (Brinkerhoff 2020, unpublished).  
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 In step 16 of the original algorithm, the expected binarized image that will be generated is 

explained. The binarized image will be a black-and-white image, delineating “cell” from “non-

cell” based on the threshold. No changes were made to step sixteen in the updated version, but a 

screen capture of a properly binarized (image appears orange-and-black before intersections are 

recorded; however, the image is still considered to be “binarized”) image was added (see Figure 

18 for final image). 

 

 

 

 

 

 

 

Figure 18. Image “Copy e063mixLY14d3c363x” after step 17 of MetaMorph processing (brightness adjustment, tracing, 
inclusion, exclusion, thresholding, binarization) with Sholl ring template overlaid (Brinkerhoff 2020, unpublished). 

g. Measuring Sholl ring intersections with the Purkinje neuron 

 In step 17 of the original algorithm, the file location and name of the new journal to be 

run are specified. After the computer update, the location of the journal had changed, and the 

software was unable to locate it. The code and name of the journal were adjusted manually, and 

the software was thus enabled to find it and run them. This manipulation successfully resolved 

the issue. Screen captures of dialog boxes were added to the updated version. 

 In steps 18-23 of the original algorithm, in which the user specifies which images to 

measure and measures them, ran as expected on the updated software.  
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Figure 19. Excel spreadsheet generated from image “Copy e063mixLY14d3c363x”. Region name, Object #, area, width, and 

height were recorded (units um). Summary data (diameter of Sholl ring and number of intersections) were extrapolated 
(Brinkerhoff 2021, unpublished).  

After the data are logged into Excel, the summary data can be selected and converted into 

a Sholl graph, seen below in Figure 20.  

  

Figure 20. Sholl plot created in Excel from summary data in Figure 9 (Brinkerhoff 2021, unpublished).  

Consult Appendix II for the updated, current version of the algorithm, and all contained screen 

captures and specific image manipulation explanations.  
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2. Assessment of accessibility 

 Two weeks of the time spent on this project were dedicated to working with junior lab 

members and incorporating their feedback into the updated algorithm. Junior members of the 

Morrison lab (Luke Jordan, Megan Nitchman, and Salome Hailu) were recruited to utilize the 

updated version of the algorithm and attempt to progress through a full image analysis in 

MetaMorph. Each member analyzed one image and progressed through the steps at least once 

(user Luke progressed through the steps 3 times). All novice users had minimal or no previous 

exposure to or experience with the software. Each member was able to progress through all 23 

steps with minimal difficulty despite lacking any previous experience. Measurements generated 

from each trial run appeared similar to my measurements and to each other’s. Because the goal 

of these novice user trial runs was to simply assess the user-friendliness of each step, no 

statistical measurements were conducted on data generated. Their feedback on unclear or omitted 

steps was considered, and adjustments were made to the algorithm accordingly. The most 

common criticisms concerned adjusting image brightness (step 5), tracing the cell’s perimeter 

(step 9), and thresholding (step 15). These three steps constitute the majority of the manual user 

input requirements, and future users will be trained extensively in these difficult processes.  

 To further bolster accessibility, comprehensive explanations of each step were generated 

and collated into a “Plain English”, lab-manual style document. This document was generated by 

cross-referencing Carli King’s Honors Thesis, relevant background literature (chiefly Gensel’s 

2015 Introduction to semi-automated Sholl analysis using MetaMorph), input from Dr. Morrison, 

Carli King’s lab notebook and feedback from the junior lab members. Consult Appendix I for 

this explanatory document. 

B. Accuracy of software  

The software has now been validated against artificial images with known dimensions, 

and now must be validated against previously manually traced images with known dimensions. 

This process is outlined in detail in “Methods”.  

Validation against artificial images with known dimensions. Not enough measurements have 

been generated yet to statistically analyze the differences between groups. Once enough data 

have been generated from validating against artificial images, they will be compared using a 

paired t-test in SPSS. The test will be used to compare the two measurements (lengths of 
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intersections retrieved manually using the “multiline” tool and lengths of intersections generated 

by the software using the “Integrated Morphometric Analysis” tool) and to assess statistical 

similarity. All p-values < 0.05 are to be considered significant. Figure 21 shows measurements 

for one artificial image with 3 boxes, labelled as Regions. Area, width, and height were 

measured both manually and by the software, and units used are pixels.  

Region 
# 

Area 
“multiline”  

Area “Integrated 
Morphometric 

Analysis” 

Width 
“multiline”  

Width 
“Integrated 

Morphometric 
Analysis”  

 
Height 

“multiline”  

Height 
“Integrated 

Morphometric 
Analysis”  

1 12654 12543 111 111 114 113 

2 49050 49050 218 218 225 225 

3 214369 207936 463 456 463 456 

Figure 21. Manual (multiline) and algorithm (Integrated Morphometry Analysis) measurements in pixels of an artificial image 
with 3 boxes (Brinkerhoff 2021, unpublished). 

Validation of previously manually traced images with known dimensions (presented as plans 

for analyzing numerical data that have yet to be generated). To allow for a range of statistical 

analyses, a minimum of 5 images from the set manually traced by Emilie Kramer will be used. A 

Mann-Whitney U test in SPSS will be used to compare the two measurements and assess 

statistical similarity. All p-values < 0.05 are to be considered significant. Two data graphs, one 

plotting number of intersections against diameter of Sholl ring (in µm), the other plotting total 

length of cell intersection with each ring against diameter of Sholl ring (in µm), will be 

generated. 

If both validation procedures return statistically significant results (p<0.05 between the 

two methods), the algorithm will be used to analyze new images. If any validation procedure 

does return statistically significant differences, the algorithm and software will be evaluated to 

determine the cause(s) of the discrepancy. Potential sources of discrepancies are likely to include 

inter-user variability in thresholding, tracing ambiguous cell margins, and selecting different 

areas for inclusion or exclusion.  

These new data will be displayed on data graphs plotting average number of intersections 

or total length of intersections (y-axis) against diameter of Sholl ring (x-axis). A descriptive title, 

figure legend, data description and any other relevant information will be added to each graph. 
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Statistical assessment. Once the software has been deemed fully functional, the Shapiro-Wilk 

test for normality in SPSS will determine the distribution of the data. This result will be 

displayed as a screen capture of the SPSS window. After normality (or lack of normality) has 

been established, either a parametric or non-parametric evaluation method will be indicated 

(further explanation of reasoning found in “Methods”). If use of the Kruskal-Wallis H-test is 

indicated from the results of the Shapiro-Wilk test, results will be interpreted and outlined in 

paragraph form. Test statistics comparing the number of intersections and/or total length of 

intersections per Purkinje neuron with Sholl rings of increasing diameters will be included in a 

table with p-values and N-values clearly indicated. These results will be displayed as a screen 

capture of the SPSS window.  

 

V. Concluding remarks 

In future work on this project, users will need to validate this algorithm against artificial, pre-

recorded neuron images, and then against real (previously measured) cell culture images.  From 

there, original data can be generated from new images. Future users will need to critically 

evaluate the distribution of said data to determine normality and assign appropriate statistical 

tests to use. A method of inter-rater reliability assessment will need to be chosen to determine the 

degree of similarity between the automated and manual data for the same images (likely Bland-

Altman plots to reveal relationships between measurements, or Cohen’s kappa, to evaluate 

disagreement between items (Bland and Altman 1986, Sim and Wright 2005).  

The advantages of this software likely being able to quickly generate reliable data with 

minimal user bias cannot be overstated. Semi-automated Sholl analysis, a more automated and 

higher-throughput method, should enable the lab to generate more data, with less user fatigue, in 

a shorter timeframe. The more rapid accumulation of material decreases the timeline necessary 

for a research publication, and enables the work done to be shared across the field. 
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VIII. Appendices 
 

Appendix I. Lab Manual Guide to Semi-Automated Sholl Analysis Algorithm 
 
SEMI-AUTOMATED SHOLL ANALYSIS ALGORITHM LAB MANUAL 
Developed for MetaMorph version 7.10.3 
Last Updated April 29, 2021 
 

This explanatory document is intended to accompany the algorithm, which is a separate 
document. This lab manual-style guide aims to provide a deeper and more comprehensive 

understanding of the many steps. If you are performing Sholl analysis in MetaMorph software, 
consult the algorithm for step-by-step instructions, and this document for 

rationale/explanations.  

If you need to deepen your background understanding of the bigger picture of the project, or of 
previous work, helpful literature articles are on page 6. From previous experience, becoming 

familiar with these articles will make working on this project much easier.  

 

1. The MetaMorph software is installed on the computer in the Heim 105B Student Research 
Lab.  

2.  It is important to always work on a copy of the image and not the original image, to avoid 
altering and potentially permanently overwriting images. If images are permanently 
altered or overwritten, they are rendered unusable and can cause lost data.  

Open opens a previously saved image file or stack file in an image window on the desktop 
for viewing, processing, or analysis.  

 Note: You can also open image files in the MetaMorph Software by dragging the files 
from your Windows desktop or Windows Explorer onto the MetaMorph Software 
window. 

 3.  The algorithm will analyze the copy of the image selected in step 2 and generate numerical 
data about the neuron. The data needs to be logged in an outside application, as 
MetaMorph does not have the capability. Microsoft Excel will hold the data that the 
algorithm will generate about the neuron being analyzed.   

For the MetaMorph Software to log measurement data, it must know where you want 
the data stored, that is, which text file or open, DDE-linked spreadsheet to use. This 
information is supplied by the Open Object Log command. What is logged will be based 
on the types of measurement data selected using the Configure Object Measurements 



37 
 

command. Which object measurements are logged will be based on the filters you 
defined using the Configure Object Classifiers command, excluding or including objects 
based on selected parametric criteria. For commands which log individual object data, 
even if a log file is open and configured, nothing will be logged until you choose Log Data 
from the Log menu. This command lets you log measurement data selectively when you 
need it. For morphometric measurement of many objects, logging occurs when the 
measurement is performed. 

You can view the logged data in 3 ways: 

(1) Opening the current text-based object log using View Current Object Log, 

(2) Opening a comma-delimited text file in a text editor, or 

(3) Switching to an external DDE-linked spreadsheet application, like Excel.  

Log Data sends data measurements either to an open data log or object log. This 
command can be used for logging any measurement data that are not otherwise logged 
automatically from a specific dialog, such as the Integrated Morphometry Analysis dialog. 

 4. In order to maintain organization and enable simple data recovery, data sets must be saved 
using a standard naming convention and in a standard location. Always save work on 
both the computer and at least one external storage device. 

 5. During differential interference contrast (DIC) microscopy and the anti-calbindin staining used 
in the cell cultures that the images came from, sometimes the images will be an intense 
black color. Since the algorithm works by finding contrasts between pixel intensities, if 
the image is too dark, it will classify non-cell image components as cell. The image needs 
to be lightened enough that the cell is distinctly darker than, and distinguishable from, 
surrounding cell debris, granule cells, and interfering axons or dendrites.  

Grayscale level is the brightness of pixels in a digitized image. By convention, the 
grayscale values of an 8-bit digital signal, with 256 possible values, range from 0 (black) to 
255 (white). 

Contrast reduces the number of grayscale levels or colors that are displayed in the image 
at one time but increases the perceived contrast of the image. The number of grayscale 
levels or colors actually available stays the same. 

Adjust Digital Contrast adjusts image brightness, contrast, and gamma, selects and 
configures the look-up table model, and adjusts the number of grayscale levels or colors 
that are used to display an image. Adjust Digital Contrast is not available for binary (1-bit 
depth) images because these images exist only as two gray levels: black and white. All the 
digital contrast options other than Fix Contrast have affect only the display of the image 
(the intensity values shown in the image window), and not the image data.  
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Caution! Fix Contrast permanently applies all the digital contrast changes that have been 
made to the image display to the image data itself. 

 6.  Sometimes, due to DIC microscopy and imaging flaws, there may be white reflections on the 
cell from where the light source bounced off the dimensional parts of the cell. The 
algorithm will not detect white spots, so it is necessary to manually change the color of 
these areas by painting them grey.  

 Use the Paint Region command to paint over unneeded areas of the selected image. 

 7. Now that the image has been properly adjusted, the algorithm needs instructions on what to 
do. By running a journal, the software knows that it needs to be able to prepare the 
image (described in subsequent steps) and align the Sholl rings atop it. By selecting Run 
Journal, the software will execute the selected journal.  

Step 8. Use the Calibrate Distances command to calibrate images or devices to a specific unit of 
 measure. Uncalibrated distance measurements are expressed in pixels. 

Calibration Bar (Display Menu) stamps a distance calibration bar on the selected image, 
based on its calibration settings. 
Calibrate Distances (Measure Menu) calibrates distance in the image window or video 
device, setting a specific number of image pixels to equal a specified distance. 

 9. Since cell culture slides contain a lifelike mixture of cell debris, extraneous cells, and cells of 
interest, it is necessary to instruct the software which specific cell is to be analyzed. 
Vague regions of cell margin will need to be differentiated from surrounding cell debris or 
surrounding cells. This is accomplished manually by tracing the region.  

Use the Trace Region tool to create hand-traced closed regions in which all of the pixels 
within the boundaries of the region outline are measured. When you select the Trace 
Region Tool, the pointer will change to an arrow cursor with an attached "hand-traced 
region." 

 10. Depending on the size of the cell being analyzed, different sizes of Sholl rings need to be 
overlaid. There are different templates for this exact reason. A template that is too large 
will generate too much data and waste space with junk data, while a template that is too 
small will omit important data points. It’s important to note which template ring is 
selected in this step as that will determine how many result images will be generated in 
subsequent steps.  

 11. For Sholl analysis, the center-most ring must be centered over the cell body. This is to be 
done manually so that the concentric circles have the most opportunity for intersections 
with dendritic branch points and thus can generate comprehensive and accurate data.  

 12. Similar to step 9, since there are irrelevant components included in the cell images, it’s 
imperative to instruct the software to only include certain parts. Here, we need to only 
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include the cell of interest. If there are extraneous cells or debris or any non-cell-of-
interest components overlaid onto the image, they need to be excluded from analysis by 
use of the Exclude Region tool.  Paint the regions to be excluded white by setting gray 
value to 255, then “delete” these active regions. This disallows the algorithm from 
counting any of the now-deleted regions.  

 13. At this point, we must instruct the software as to which image we want to manipulate. 
“Trace” is the part of the image we’ve just traced, and we should select that option. The 
other image option would be the entire, unaltered image. Do not select the other image 
option.  

 14. Now we must paint the region to be excluded so the software won’t recognize it and 
generate junk/useless data from it.  

 15. Now we must threshold the image to include as much of the neuron as possible without 
including blank spaces around or near it. By sliding the high bars of threshold, more or 
less of the neuron will be detected and included by the software.  

Segmentation is the process of deciding whether a pixel is part of an object to be 
measured or processed or is part of the background and to be excluded from analysis. 
This process generally uses the intensity of the pixel to make the decision. For example, 
you might segment the image by selecting an upper and lower threshold to define a 
range of acceptable grayscale levels, and the image processor would group all of the 
contiguous pixels that fall within that range into objects to be measured or processed. 

The Threshold Tool button will be displayed with the wedge-shaped arrow pointing to the 
middle bar, and the red thresholding overlay will cover the entire image, because the 
gray level range has not yet been selected. Drag the top arrow in the slider down to 
select an upper threshold gray value limit so that most of the desired objects are marked 
with the red thresholding overlay. Drag the bottom arrow in the slider to select a lower 
threshold gray value limit that removes the majority of the remaining red thresholding 
overlay from the background areas. Readjust the upper threshold setting if necessary. 

 16. Once we’ve told the software what range of grey values to include (AKA thresholded the 
image), the image is now all black and white. This black-and-white distinction is known as 
binarization. Binarize creates a binary image based on a thresholding range. 

Pixels in the source image that have a value that are above a globally determined 
threshold are converted to a binary value of 1 (white).  

Pixels in the source image that have a value that falls below a globally determined 
threshold are converted to a binary value 0 (black). 

 17. Now we must instruct the computer that we want to perform a new process. Rather than 
running an image preparation journal, which is what we have done up until this point, we 
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are now ready to measure and log the now-prepared image. By selecting the measuring 
and logging journal, we are instructing the software to measure and log the intersections 
between the cell areas and the Sholl rings. 

 18. The algorithm must be told to generate a series of images representing the overlap for single 
Sholl rings and will automatically select the outermost Sholl ring from the set that was 
manually chosen to be superimposed, hence it is very important not to choose too large 
of rings as more data than are useful will be generated. We need to start with the 
outermost ring that is big enough to not have any intersections with binarized image. 

 19/20.  It is important to assign individual result image names using the procedure listed in the 
algorithm because the software will soon generate individual images for each ring.  

 21. Now we must calibrate the images to convert them from pixels to micrometers. This step 
calibrates distance in the image window, setting a specific number of image pixels to 
equal a specified distance. 

Use the Calibrate Distances command to calibrate images or devices to a specific unit of 
measure. Uncalibrated distance measurements are expressed in pixels, so, if the image 
has not been calibrated, the calibration displays as 1 <pixel>/pixel. 

 22. At this point, the algorithm will generate one new binarized image for each Sholl ring.  

 23. Save the Excel spreadsheet after every image to maintain a record of data collected. 

 

To exit the MetaMorph Software, use the following procedure: 

Click File > Exit.  

If an open image has been modified or is new, then in the Exit MetaMorph dialog, select 
one of the following options:  

Exit Without Saving Open Images exits the program without prompting you to save any of 
the open images. 

Exit and Query Each Image for Saving prompts you to save before closing each new or 
modified image before exiting the program.  

Query All Images at Once, Then Exit lets you select images for saving from a list of all open 
images before exiting the program. 
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Appendix II. Semi-automated Sholl Analysis Algorithm 
 
SEMI-AUTOMATED SHOLL ANALYSIS ALGORITHM  
Developed for MetaMorph version 7.10.3 
Last Updated April 29, 2021 

 

This algorithm has been developed over several semesters and is designed to guide users 
through semi-automatic Sholl analysis of cell images. Each step is numbered and contains a 

corresponding explanation in the “Plain English” version of the algorithm. This document is a 
step-by-step roadmap, while the other will help to advance users’ understanding of the reasons 

behind and importance of each process.  

Be sure to read each step in its entirety before attempting to carry it out. Paths to file locations 
are contained within the screen-captured images that correspond to each step.  This software 
utilizes many “pop-up” dialog boxes. If you expect a dialog box to be present at any step and 

you cannot see it, minimize other windows within MetaMorph to see if they are obscuring the 
desired box- it may be “hiding” behind other windows. Several helpful appendices, including 

image naming conventions, measurement definitions, and instructions for image creation have 
all been created in an effort to make the analysis process as accessible as possible.  

If you ever need a more comprehensive explanation of a step, simply press F1 during the 
step. 

Image naming conventions and measurement definitions are  
located at the end of this document, on pages 11 and 12.  

As you, a user, progress through the analysis process, have patience with the computer and 
yourself, and do not hesitate to reach out for help or to ask questions.  

Good luck! 
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SEMI-AUTOMATED SHOLL ALGORITHM 
 

1. Open MetaMorph software. The icon is “MetaMorph Offline” located in the file “Meta Imaging Series” on the desktop 
of the Heim 105B Student Research Lab (device name HM-RLAB-105B-02) 
 

    
 

2. Open copy of image. 
File  Open  Select image from folder  

This PC  Windows (C:)  AnnabelleBrinkerhoff2020  Images for Analysis  Copy 
e063mixLY14d3c363x  Open 

    
 

3. Open object log so data is logged in an excel spreadsheet.  
Select Log Toolbar  Select “Open Object Log”  Log Measurements to: Dynamic Data Exchange (DDE)  OK  
Application: Microsoft Excel, Sheet Name: initials_data, Starting Row 1 and Starting Column 1  Click “OK” 
 

      
 



44 
 

 
 

4. An Excel file will appear. Within the file, select “File” on the upper left side of the window, and save the document to 
your folder as Sheet Name: initials_data. “Save as”  “Browse”  “Windows C:”  “AnnabelleBrinkerhoff2020” 
“Save” 
 

 
 

5. If the cell body is an intense black color, you will need to lighten it before thresholding. 
 

 
Display  Adjust Digital Contrast  Increase Brightness as needed, using the “<” and “>” buttons (53-54 often 
appropriate reference point. See differential image below for reference). 
 

 

 
The leftmost image is too dark. The middle image is appropriate. The rightmost image is too bright. 
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Fix Contrast  Close (not red “X” in upper right-hand corner of popup dialog box) 
 

   
 
 

6. a. If the image does not have a white area around the cell body due to DIC microscopy, skip to Step 7. 
 

 
 
b. If image has a white area around the cell body or on tips of some spines due to DIC microscopy, the white area 

needs to be painted grey so that the area is included in thresholding.  
 

       
 

c. Using the Trace Region tool, trace around perimeter of cell body to include white ring.  
 

  
 
 
 
 
 
 

This image (e063mixLY14d6h63x) has no white 
area around the cell body. If the image being 
analyzed resembles this image, skip to step 7. 

These images (left 
e063mixLY14d8b363x, 
right 
e063mixLY14d6d163x) 
have white areas 
(indicated by arrows). If 
the image being analyzed 
resembles these images, 
continue in step 6.  
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Then,  
 Display  Graphics  Paint region…  Paint Mode: Inside region area, Paint Color: Gray value, Gray value = 70  
Paint  Regions/ Delete active region  close. If multiple regions were selected for inclusion, this procedure will need 
to be repeated for each one. 
This paints the white ring/area gray to include it in later thresholding and eliminates the dashed appearance of the 
selection region.  

                   

 

7. Start running journal to prepare image and align Sholl rings.  
Journal  Run Journal  Look in “GREENUSBANB” removeable storage  “KingCarliHonors2019”  ”Backup MM 
support files”  “journals”  “Image preparation and ring alignment.jnl”  Open 

   
 
 

8. Calibrate image by selecting appropriate calibration (for image Copy e063mixLY14d3c363x, (reference naming 
convention in Appendix 1), click calibration “63X [old scope]”) and selecting apply.  
 

 
 

At this point, it is necessary to manually trace the outer perimeter of the cell. Inner granule cells and other regions to be excluded 
will be addressed and subtracted out of the threshold area in subsequent steps of the algorithm. 
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9. Trace outer region of the cell with the mouse using “trace region” tool when prompted BEFORE CLICKING CONTINUE.  
(Trace region is the same tool as used in step #6b, consult 6b for reference if needed).   
To CLOSE polygon when finished tracing, double-click left and polygon perimeter should become a dynamic/animated 
line. 
Trace cell BEFORE selecting continue.  
Once the cell is traced and polygon closed, select continue. 

    
 

Note: Selecting cancel will stop the journal from running. Right clicking on the mouse will allow you to undo last click. 
To avoid aberrant data, do not allow the mouse to hover over the image while not intending to do work on image.   
 

10. Select appropriate Sholl ring template at appropriate* calibration; click Open. Refer to image naming conventions to 
select appropriate template. 
NOTE WHICH TEMPLATE RING SET YOU SELECTED AND WHAT THE LARGEST DIAMETER IS.   
 

 
 

11. Move Sholl regions over the center of the cell body using the interactive Move all Regions dialog box.  
DO NOT CLICK ON INDIVIDUAL SHOLL RINGS.  
By sliding the square inside the Region Area tab, you can move the Sholl rings grossly. By adjusting the Region Positions, 
you can move the Sholl rings at a finer scale. 
Select “close” once the rings are centered.  
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12. A dialog box will prompt you to trace regions you wish to exclude from thresholding, if applicable.  
a. If there are no regions you wish to exclude, select continue. Selecting cancel will stop the journal. 
b. If there is a region you wish to exclude, use the “trace region” tool to outline it, and then double left-click on 

the perimeter to close the polygon and move the mouse off of the image. For the time being, ignore the 
instructions in the “Exclude regions” dialog box, and click “continue”.  
 

   
 

13. Select “Trace” and select OK.  

 
 

14. a. If you did not trace a region to exclude: select close.  
b. If you traced a region to exclude: 

Under Paint Mode: Select “Inside region area”  
Under Paint Color: Select “Gray value”  

For Gray Value: Input 255  
Click “Paint” to paint the region white.  
Delete the active region by right-clicking on the dynamic perimeter of the region to be excluded. (If multiple 
regions selected for exclusion, will need to select each region and paint them individually one at a time.) 
Select “Close” on second Paint Region dialog box (box may be hidden behind Trace image; may be necessary 
to minimize Trace image window to locate Paint Region dialog box and “close” it to allow Threshold dialog box 
to popup). 
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15. Select threshold state: inclusive in the Threshold Image dialog box. Enter “1” as the Low Threshold state value. Drag the 

high bars so that only the cell is being included in the threshold.  
May need to exclude >1 area. At this step, it becomes very important to have traced any ambiguous cell margins 
cleanly (from Step 9) to enable a better threshold. Once finished, select close. 
 

 
 
See below for examples of thresholded images. The leftmost image is under-thresholded; very few orange areas are 
continuous and there are clear “cell” areas that remain gray and uncolored. The middle image is appropriately 
thresholded; most orange areas are continuous, perimeters are logical and the threshold fits like a “mitten” (see Plain 
English version for explanation). The rightmost image is over-thresholded; many non-cell areas of empty space are 
included in the orange area.  
 

   
 

 
 

16. A binarized image of the cell (Trace_Binary) with Sholl rings overlaid should appear.  
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17. Run journal to measure and log intersections between cell area and Sholl rings.  
Journal  Run Journal  Open journal “measuring and logging intersections_new.jnl” 
DOUBLE-CHECK THAT YOU HAVE SELECTED THE APPROPRIATE JOURNAL 

    
For an actual data run, need to start with cell with largest diameter first to determine which “outermost” Sholl ring will be used. 
This will then be the outermost Sholl ring for analysis for all subsequent images in the set.  

18.  The algorithm will automatically select the outermost Sholl ring from set that was manually chosen to be 
superimposed, hence it is very important not to choose too large of rings as more data than are useful will be 
generated. Cite specific size used from step 10.  Change result image name by selecting the “Binary +” and selecting 
specified  Select the name of the image from the options listed  Add “+ 100 um” (IF YOU CHOSE THE 100 UM 
TEMPLATE- OTHERWISE USE THE SELECTED TEMPLATE SIZE ) to the end of the image name  OK  Apply  

     

19. The next region should be selected automatically. Change result image name using the procedure listed above with “+ 
90 um” following image name  OK  Apply 
 

  
 

20. Repeat step above, removing 10 um each time and re-naming for the remaining Sholl rings.  
21. Calibrate all open images using the Calibrate Distances dialog box.  

Select appropriate calibration  select apply to all open images. 
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22. Select image you wish to measure. 

Select “image + 10 um”  OK  Select “image + 20 um”  OK  
 

 
 
Repeat until all images (+10 um through +70 um) have been measured.  
All data is logged to Excel spreadsheet automatically.  
 

23. Save Excel spreadsheet after every image.  
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Image naming conventions 
 
For image: Copy e063mixLY14d3c363x 

E063 experiment #63. Written in bottom left of top side of actual glass slide.  

Mix  indicates mixed cerebellar culture (instead of purified cells) 

LY  Experiment where some wells were treated with LY294002 inhibitor (PI-3 kinase) 

14d  cells were cultured for 14 days 

3 well # 3 on glass slide 

C  Stereotyped visual field within culture well 

3 third visual field after visual field C; first visual field with location of well-isolated Purkinje cell to 
image 

63x Corresponds to objective used to capture image (total magnification is always 10x more because 
eyepiece or magnifier that precedes camera) 
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Measurement Definitions 
Area Measurement Terms:  

Area measurement terms are used to describe and quantify the two-dimensional space occupied by 
objects in the image. 

Total Area: The area of the entire object, including any holes present, regardless of hole-filling. 

Pixel Area: The number of pixels in the object. (Pixels inside holes are not included unless hole-
filling is enabled in the Measure Objects Preferences dialog.) 

Area: The area of the object in calibrated units. (The area inside holes is not included unless 
hole-filling is enabled in the Measure Objects Preferences dialog.) 

Total: When used in the Integrated Morphometry Analysis command summary display, this term 
refers to the total area of all objects measured. 

Hole Area: When used in the Integrated Morphometry Analysis command summary display, this 
term refers to the total area of all objects measured. 

Relative Hole Area: The ratio of the hole area to the total area of the object. A relative hole area 
of 0 indicates that the object has no holes, whereas a relative hole area near 1 indicates that the 
object consists mostly of holes. 

Standard Area Count: The number of times larger that the object is than the value defined as the 
standard area. If an object has a standard area count less than 1.0, it will count as a single 
object. 

Dimension Measurement Terms:  

Dimensional measurement terms are used to describe and quantify the cross-sectional sizes of objects 
in an image. 

 Width: The horizontal dimension of the object. 

 Height: The vertical dimension of the object. 

 Length: The span of the longest chord through the object.  

 Breadth: The caliper width of the object, perpendicular to the longest chord.  

Shape, Position, and Orientation Measurement Terms: 

These measurement terms are used to describe and quantify morphometric characteristics regarding an 
object's boundaries and location in space. 

Perimeter: The distance around the edge of the object, measuring from the mid-points of each 
pixel that defines its border 

Shape factor: A value from 0 to 1 representing how closely the object represents a circle. 

Elliptical Form Factor: The ratio of the object's breadth to its length 
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Appendix III. Statistical Procedures (King 2019) 

 
I. Statistical Procedures Appendix III.A. Using SPSS to run a Shapiro-Wilk Test 

for Normality 
 

1. Once information has been collected and analyzed blinded, open the Microsoft 
Excel spreadsheet in which the data from MetaMorph have been logged. Label 
each neuron with a unique identification value.  

2. Once each neuron has been given a unique identification value, start a 
“summary” spreadsheet within Microsoft Excel. Column A should list the image 
name, column B should list the image identification number, and column C 
should list the goup in which the neurons belong. Starting with column E, each 
column should be given a heading with diameters of the Sholl rings. Using the 
raw data shown in step 1, fill in the information for each of the images to allow for 
easy exportation of the data to SPSS.  

3. Open IBM SPSS Statistics 25 software. Click on the Variable View tab on the 
lower left corner of the spreadsheet.  

a. In row one, enter “ID” as the name. Select string as the variable “type” by 
clicking on the cell and then clicking on the three dots in the blue box on 
the right of the cell. Enter “0” as the number of decimal places.  

b. In row two, enter “group” as the name. Leave the variable type as the 
default numeric type. Enter “0” as the number of decimal places. Define 
the groups by clicking in the cell under values and then clicking on the 
three dots in the blue box on the right of the cell. In the Value Labels 
dialog box, type “0” for value and “control” for label, then select Add.  
Type “1” for value and the treatment received for label, then select Add. 
Continue adding value labels until all experimental groups have been 
added. Exit the dialog box by selecting OK.  

c. Starting in row three, enter the name of each variable as the diameter of 
the Sholl ring, starting with d10. Leave the variable type as numeric for all 
variables. Enter “0” as the number of decimal places for each variable. 
Select Scale as the measure for each of these variables.  

i. A label may be entered for each variable but is not required. 
Entering a label is useful when interpreting data after statistical 
analysis.   
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4. Click on the Data View tab on the lower left corner of the spreadsheet. Select the 
View menu on the top of the spreadsheet and check the box beside Value 
Labels.  

5. In row one, enter the identification value for the first cell in column one labeled 
“ID.”  Enter the corresponding value for the treatment the cell received in column 
two, labeled “group.” If the cell was control, enter “0.” If the cell was treated, enter 
the corresponding value for the treatment.  Enter the number of intersections per 
Sholl ring for each diameter, starting with d10. (For example, if the first Sholl ring 
had two intersections with the dendrites of the cell, you would enter “2” in the 
third column.”) 

6. Continue entering information for each of the cells analyzed. An example of a 
completed SPSS spreadsheet is below.  
 

 

 
7. Save the SPSS file as a “.sav” file. 
8. Select the Analyze tab from the menu at the top of the spreadsheet. Under the 

drop-down menu select Descriptive Statistics  Explore…  
 

9. In the Explore dialog box, select group or treatment received from the left side of 
the dialog box and use the arrow to move the variable to Factor List. Select the 
remaining variables (not including ID) and move them to the Dependent list 
using the right arrow.  
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10. Select the Plots… button on the right side of the Explore dialog box.  
a. In the Descriptive box select Histogram and unselect Stem-and-leaf. 
b. Check Normality plots with tests in the middle of the Explore: Plots 

dialog box.  
c. Select Continue. 

 

 

 
11. Select OK. Focus on the Tests of Normality chart within the Output window. 

Specifically, focus on the Shapiro-Wilk significance value.  
a. A significance value in the Shapiro-Wilk column > 0.05 indicates a normal 

distribution. A significance value in the Shapiro-Wilk column < 0.05 
indicates that data is not normally distributed.  

b. Histograms included in the output window may be used to see the 
distribution visually.  
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Statistical Procedures Appendix III.B. Using SPSS to run a Kruskal-Wallis H Test  

1. Once information has been collected and analyzed blinded, open the Microsoft 
Excel spreadsheet in which the data from MetaMorph have been logged. Label 
each neuron with a unique identification value.  
 

 
 

2. Once each neuron has been given a unique identification value, start a 
“summary” spreadsheet within Microsoft Excel. Column A should list the image 
name, column B should list the image identification number, and column C 
should list the group in which the neurons belong. Starting with column E, each 
column should be given a heading with diameters of the Sholl rings. Using the 
raw data shown in step 1, fill in the information for each of the images to allow for 
easy exportation of the data to SPSS.  

 

3. Open IBM SPSS Statistics 25 software. Click on the Variable View tab on the 
lower left corner of the spreadsheet.  

Identification value  Image name 
indicates the name 
of the image and 
the diameter of the 
Sholl ring. 

For example, this neuron had 
22 intersections with the Sholl 
ring of 20 µm.  

Object number indicates 
the number of 
intersections per ring 
with each object 
number being an 
intersection.  
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a. In row one, enter “ID” as the name. Select string as the variable “type” by 
clicking on the cell and then clicking on the three dots in the blue box on 
the right of the cell. Enter “0” as the number of decimal places.  

b. In row two, enter “group” as the name. Leave the variable type as the 
default numeric type. Enter “0” as the number of decimal places. Define 
the groups by clicking in the cell under values and then clicking on the 
three dots in the blue box on the right of the cell. In the Value Labels 
dialog box, type “0” for value and “control” for label, then select Add.  
Type “1” for value and the treatment received for label, then select Add. 
Continue adding value labels until all experimental groups have been 
added. Exit the dialog box by selecting OK.  

 
c. Starting in row three, enter the name of each variable as the diameter of 

the Sholl ring, starting with d10. Leave the variable type as numeric for all 
variables. Enter “0” as the number of decimal places for each variable. 
Select Scale as the measure for each of these variables.  

i. A label may be entered for each variable but is not required. 
Entering a label is useful when interpreting data after statistical 
analysis.   
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4. Click on the Data View tab on the lower left corner of the spreadsheet. Select the 
View menu on the top of the spreadsheet and check the box beside Value 
Labels.  

5. In row one, enter the identification value for the first cell in column one labeled 
“ID.”  Enter the corresponding value for the treatment the cell received in column 
two, labeled “group.” If the cell was control, enter “0.” If the cell was treated, enter 
the corresponding value for the treatment.  Enter the number of intersections per 
Sholl ring for each diameter, starting with d10. (For example, if the first Sholl ring 
had two intersections with the dendrites of the cell, you would enter “2” in the 
third column.”) 

6. Continue entering information for each of the cells analyzed. An example of a 
completed SPSS spreadsheet is below.  

 

 
7. Save the SPSS file as a “.sav” file. 
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8. Select the Analyze tab from the menu at the top of the spreadsheet. Under the 
drop-down menu select Nonparametric Tests   Independent Samples…  

  

9. In the Nonparametric Tests: Two or More Independent Samples dialog box, 
click the Fields tab in the upper left corner. Select group or treatment received 
from the left side of the dialog box and use the arrow to move the variable to 
Groups. Select the remaining variables (not including ID) and move them to the 
Test Fields list using the right arrow.  
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10. Select the Settings tab in the upper left corner of the Nonparametric Tests: 
Two or More Independent Samples dialog box. Select Customize tests. 
Select Kruskal-Wallis 1-way ANOVA (k samples). Leave as “Multiple 
comparisons: all pairwise.” Select Run.  
 

 

 

 

 

 

 

 

 

 

 

 

 

11. The output for the nonparametric test will give a Hypothesis Test Summary. 
The summary includes the null hypothesis, the test used, the significance value, 
and the decision whether to reject or retain the null hypothesis with the 
significance level at 0.05.  
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12. Double-click on the output for the first row. The Model Viewer will show the 
Hypothesis Test Summary in the left box and the Independent-Samples 
Kruskal-Wallis Test Results on the right. The Independent-Samples Kruskal-
Wallis Test Results window will indicate total N, the test statistic, degrees of 
freedom, and asymptotic significance (2-sided test), as well as display a box plot. 
The test statistic is adjusted for ties.  

13. Under view in the bottom left of the Independent-Samples Kruskal-Wallis Test 
Results window, select Pairwise Comparisons.  
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14. The Pairwise Comparison view will have a table that indicates each comparison 
and its significance value (which have been adjusted by the Bonferroni correction 
for multiple tests). The boxes in yellow indicate the significant differences.  

 

 

 

 

 

 

 

 

 

 

 

 

15. Repeat steps 12-14 for the remaining rows (or the remaining diameters of the 
Sholl rings).  

  

In this example, there are 
statistically significant 
differences between the 
neurons treated with 20 µM 
and the neurons treated 
with 100 µM (p = 0.012). In 
this case, the 100 µM group 
had significantly more 
intersections at 10 µm than 
the 20 µM group. This is 
indicated by the negative 
test statistic (because you 
are subtracted the 100 µM 
group for the 20 µM group.  
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Statistical Procedures Appendix III.C. Using SPSS to run a Mann-
Whitney U Test  

1. Once information has been collected and analyzed blinded, open the Microsoft 
Excel spreadsheet in which the data from MetaMorph have been logged. 
Separate the data for the control and treated neurons (with each group having a 
unique sheet within the Excel workbook). Label each neuron with a unique 
identification value.  

 

 

 

 

  

Identification value  

Individual sheets for each group  

For example, this neuron had 
10 intersections with the Sholl 
ring of 20 µm.  

Object number indicates the 
number of intersections per 
ring with each object 
number being an 
intersection.  

Image name 
indicates the name 
of the image and 
the diameter of the 
Sholl ring. 



66 
 

2. Open IBM SPSS Statistics 25 software. Click on the Variable View tab on the 
lower left corner of the spreadsheet.  

a. In row one, enter “ID” as the name. Select string as the variable “type” by 
clicking on the cell and then clicking on the three dots in the blue box on 
the right of the cell. Enter “0” as the number of decimal places.  

b. In row two, enter “group” as the name. Leave the variable type as the 
default numeric type. Enter “0” as the number of decimal places. Define 
the groups by clicking in the cell under values and then clicking on the 
three dots in the blue box on the right of the cell. In the Value Labels 
dialog box, type “0” for value and “control” for label, then select Add.  
Type “1” for value and “treated” for label, then select Add. Exit the dialog 
box by selecting OK.  

 
c. In rows three to twelve, enter the name of each variable as the diameter of 

the Sholl ring, starting with d10. Leave the variable type as numeric for all 
variables. Enter “0” as the number of decimal places for each variable.  
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3. Click on the Data View tab on the lower left corner of the spreadsheet. Select the 
View menu on the top of the spreadsheet and check the box beside Value 
Labels.  

4. In row one, enter the identification value for the first cell in column one labeled 
“ID.”  Enter the corresponding value for the treatment the cell received in column 
two, labeled “group.” If the cell was control, enter “0.” If the cell was treated, enter 
“1.” Enter the number of intersections per Sholl ring for each diameter, starting 
with d10. (For example, if the first Sholl ring had two intersections with the 
dendrites of the cell, you would enter “2” in the third column.”) 

5. Continue entering information for each of the cells analyzed. An example of a 
completed SPSS spreadsheet is below.  

 
6. Save the SPSS file as a “.sav” file. 
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7. Select the Analyze tab from the menu at the top of the spreadsheet. Under the 
drop-down menu select Nonparametric Tests  Legacy Dialogs  2 
Independent Samples…  

 
8. In the Two-Independent-Samples Tests dialog box, check the box for Mann-

Whitney U under the heading Test Type. Select group from the left side of the 
dialog box and use the arrow to move the variable to Grouping Variable. Select 
Define Groups… and enter “0” as Group 1 and “1” as Group 2.  Select 
Continue.  

9. Select the remaining variables and move them to the Test Variable List using 
the right arrow and select 
OK.  
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10.  The results of the Mann-Whitney U Test will be exported as Output 1. Use the 
Test Statistics table to interpret your data. The table labeled Ranks illustrates 
the sum of the ranks, the mean rank, and the sample size for each group. You 
can save this output for future reference. 
 

 
 
 
 
 

 
 
 

 

 

 

 

This row indicates the significance. You can determine 
whether the difference in distribution is significant by 
comparing this value to the significance level selected.  

 

How do you interpret this data? 

This value from the Test Statistics table 
indicates there is a significant difference in 

distribution between the number of 
intersections at 60 µm among the treated 
and control cells at the 0.05 significance 

level. Data from the Ranks table suggests 
that the control group had more intersections 

than the treated group at 60 µm. 
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