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Abstract  
Background: In peripheral tissues, the lipid droplet (LD) organelle links lipid metabolism, 

inflammation and insulin resistance. Little is known about the brain LDs. Objectives: We 

hypothesised that hypothalamic LDs would be altered in metabolic diseases. Methods: We 

used immunofluorescence for the specific LD protein, PLIN2, as the marker to visualize and 

quantify LDs. Results: LDs were abundant in the hypothalamic third ventricle (3V) wall layer 

with similar heterogeneous distributions between control mice and humans. The LD content 

was enhanced by HFD in both WT and in low-density lipoprotein receptor deficient (Ldlr -/- 

HFD) mice. Strikingly, we observed a lower LD amount in T2DM patients when compared 

with non-T2DM, patients. Conclusions: LDs accumulate in the normal hypothalamus, with 

similar distributions in human and mouse. Moreover, metabolic diseases differently modify LD 

content in mouse and human. Our results point hypothalamic LDs accumulation as an important 

target to the study of metabolism. 

 

Introduction 
The development of metabolic diseases, such as obesity and Type 2 diabetes mellitus (T2DM), 

coincides with disturbed fatty acid metabolism and excess ectopic fat storage as lipid droplets 

(LD) in many peripheral tissues (1, 2). While LDs are linked to insulin resistance in peripheral 

tissues, little is known about the role of LDs in the brain and their putative role in the 

pathogenesis of metabolic disease and insulin resistance (2). The impairment of glucose uptake 

induced by insulin in peripheral tissues, is a core feature of T2DM, and insulin resistance also 

occurs in the central nervous system (3-5). Insulin resistance, induced by high fat diet (HFD) 

feeding, is accompanied by disruption of lipid metabolism with ectopic lipid deposition in 

intracellular LDs (6-9). 

LDs are hydrophobic organelles formed in the majority of cells with a core of neutral lipids and 

a great variety of LD-proteins that are related to lipid metabolism, cell signalling and production 

of inflammatory mediators (10-12). The perilipin (PLIN) family comprise specific LD 

structural proteins (13), and the most studied proteins are the adipocyte PLIN1, and the PLIN2 

(14). PLIN2 is present in all cells and tissues and it is exclusively present in LDs, being 

considered the standard marker for this organelle (15). 

In Drosophila, LDs were identified in microglia and shown important for the neuronal energy 

supply (16). PLIN2 has also been described in LDs in isolated mammalian brain microglia 

under LPS stimuli (17, 18). Microglia in the hypothalamus has been shown to be involved in 
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development of insulin resistance and lipid metabolism (19), however little is known about the 

role of other hypothalamic cell types such as ependimocytes and tanycytes, within he 

hypothalamic third ventricle (3V) region. These cells have barrier functions and are also 

important for the control of lipid and glucose metabolism/sensing (20-23), but whether LDs are 

present in the 3V wall cells remains unclear. 

In the current study, we use the PLIN2 immunodetection as a marker for describing the 

physiological and pathological presence and distribution of LDs along the 3V in mouse and 

human with and without metabolic disorders. 

 

Materials and Methods 
Mice  

C57BL/6 wild-type (WT) and low-density lipoprotein receptor deficient (Ldlr -/-) mice 

(Jackson Laboratories, Bar Harbor, ME) were housed in a pathogen-free environment, in 

conformity with institutional guidelines for animal experiments and approved by the 

Institutional Animal Care and Use Committee at the University of Cincinnati. For the 

description of the normal LD distribution we used C57BL/6 mice (age 8 weeks) fed with chow 

diet. The WT mice (age 8 weeks) were divided into two groups, one fed with chow diet, one 

with high fat diet (HFD) containing high carbohydrates (D12079B western diet, Research Diets, 

New Brunswick, NJ, containing 17 kcal% protein, 42% carbohydrate, and 41 kcal% fat as well 

as a high-fructose corn syrup sweetened beverage) for 32 weeks. Ldlr -/- mice (age 8 weeks) 

were fed with the HFD for 26 weeks. All mice were housed on a 12-hour-light/12-hour-dark 

cycle at 22 ± 2°C with food and water ad libitum. At the end of the study, all mice were 

decapitated and brains were immerse-fixed in 4% paraformaldehyde 0.1 M phosphate-buffered 

saline (PBS, pH 7.4) at 4°C for 48 hrs. Brains were then equilibrated 48 h in 30% sucrose in 

0.1 M Tris-buffered saline (TBS, pH 7.2), and coronally cut by a cryostat into 30 μm sections. 

 

Human brain tissue  

Post-mortem hypothalamic tissues of 17 T2DM and 8 non-T2DM age matched controls, and 9 

non-T2DM young subjects were obtained from the Netherlands Brain Bank, through autopsy 

approved by the Medical Ethic Committee of the VU Medical Center, The Netherlands. 

Subjects that had Braak stage V-VI or clinically diagnosed severe dementia were excluded. 

Subject details, including sex, age, post-mortem delay (PMD), clinical diagnosis and cause of 

death are provided in Table 1 and Supplemental Table 1. The tissues were immersion fixed in 
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10% phosphate-buffered formalin, then paraffin embedded and coronal sectioned in 6 μm 

slices. Every 100th section was used for Nissl staining to pre-determine the anatomical 

orientation of infundibular nucleus (IFN), which was further analysed by the range of NPY-

positive neurons. For immunofluorescence, two sections of the IFN areas were mounted on 

SuperFrost Plus slides and dried at 37 ºC. Sections were deparaffinised and hydrated, rinsed in 

50 mM TBS (pH 7.6), and were antigen retrieved for 10 min using microwave treatment at 

700W in 0.1 M sodium citrate (pH 6.0). 

 

Immunofluorescence 

Samples were washed (2x) with TBS before incubations. All antibodies and streptavidin 

conjugates were diluted in TBS buffered solution containing 0.25 % gelatin and 0.5 % Triton 

X100, and all washes between incubations were done with TBS (4 x; 5 min). In all experiments 

control stainings were performed without the specific primary antibody. Samples were 

incubated with a guinea pig polyclonal anti-PLIN2 antibody (N-terminus aa 1-29, PROGEN, 

cat. GP40, 1:400 in mouse sections, 1:200 in human sections) and rabbit polyclonal anti-GFAP 

(DAKO, cat. Z0334, 1:100 in mouse sections, 1:500 in human sections) overnight at 4 ºC. 

Sections were then incubated for 1 hr with a secondary anti-guinea pig conjugated with biotin 

antibody (Vector, cat. BA7000, 1:400). After that, sections were incubated for 3 h with 

Streptavidin-Alexa 488 (Thermo-Fisher, cat. S32354, 1:300) in the human slides, or 

Streptavidin-Alexa 647 (Thermo-Fisher, cat. S32357, 1:500) in the mouse free floating slices. 

For the mouse sections, the Alexa-488 conjugated secondary anti-rabbit antibody (Thermo-

Fisher, cat. A21206, 1:500) was added to the incubation, on the last hour. The sections were 

washed and incubated with DAPI (Thermo Fisher, cat. 62247, 1:2000) and NeuroTrace Red 

(when indicated) (Thermo Fisher, N21482) for 10 min. After final washing, all slides were then 

mounted with Vectashield Hard-Set mounting media (Vector).  

 

Image acquisition and analysis 

Images were acquired using a TCS SP8 Confocal in DMi8 inverted microscope (Leica 

Microsystems Wetzlar, Germany). Identical hardware and software settings were used for each 

of the mouse experiments and another fixed setting for the human samples. 

The quantification of the mouse LDs by the PLIN2 immunoreactivity (PLIN2-ir) was 

performed with the Imaris software (Oxford Instruments, Abingdon, UK). Images for 

quantification (z-stack, 20 um) were taken with 63x lens. The DAPI and the PLIN2-Alexa647 

images were used to generate surfaces corresponding to the total volume of nuclei and LDs 
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respectively, with fixed settings of threshold. The amount of LDs per nuclei was obtained by 

dividing the volume of PLIN2 labelling per volume of DAPI labelling. The GFAP labelling 

was used as a marker of astrocytes and specific α-tanycytes. 

The human PLIN2-ir LD quantification was done in images obtained with a 10x objective to 

cover half of the ventricle wall (left or right)on the slide, and 6 to 10 consecutive images were 

taken depending on the ventricle length. The analysis was made with the use of the ImageJ 

software and a macro developed by Ard Jonker (Cellular Imaging - Core Facility, Amsterdam 

UMC, location AMC). LD measurements were performed using an automatically generated 

stripe comprising the whole ependymal layer of the 3V half wall of each patient. The total 

length (from sulcus to infundibulus) was divided in 10 subsections to allow comparisons 

between patients. The region of interest to measure LD signal in the ependymal layer cells was 

determined by the nuclei (DAPI) staining, as detailed in the supplementary text file. The tissue 

fluorescence intensity outside the signal area was considered as the background signal and was 

subtracted from the signal fluorescence. The corrected signal of LD at the area of fluorescence 

was divided by the length of each subsection of the ventricle wall to give the LD fluorescence 

per µm of ventricle wall. The graphs and statistic calculations were performed with the 

GraphPad Prism software, and we used the Welsh’s t test for the comparison between specific 

groups. 

 

Results 
Heterogeneous distribution of LDs in mouse 3V 

The presence and distribution of LDs along the 3V wall in the naïve mouse hypothalamus, was 

analysed by the presence of PLIN-ir in three regions determined by the distance to bregma 

along the rostral-caudal axis (24). We observe that the majority of LDs are concentrated along 

the ependymal layer of the 3V in three different levels along the rostral-caudal axis with a 

heterogeneous distribution (Fig.1). We compared the amount of LD at 3 different rostral-caudal 

levels, corresponding to specific surrounding hypothalamic nuclei, the suprachiasmatic (SCN; 

Fig.1A), the periventricular (PVN; Fig.1B) and arcuate nuclei (ARC; Fig.1C), and the 3 regions 

of the ventricle (i.e. top, middle and bottom). Astrocytes (GFAP-ir) can be observed outside the 

ependymal layer (Fig.1A2-7, B2-7, C2-7), but the majority of the astrocytes do not present LDs. 

At the level of bregma -1.8, the α tanycytes that project to the dorsal ARC and also express 

GFAP (25), coincide with an area with high amount of LDs (Fig.1C4, C5). There is no 

significant variation between the different bregma levels when we compare the top and the 
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middle regions. Interestingly, in the bottom region with GFAP negative α2 tanycytes, known 

to project to the ventromedial ARC, we found negligible amounts of LD along the ventricle 

wall (Fig.1C6, C7, E).  

 

LDs in the 3V ventricle in insulin resistant HFD mice 

The ARC is a key brain region containing important neuron populations that are involved in 

development of insulin resistance, and the tanycytes in this area of the 3V are involved in the 

control of systemic energy metabolism (26). We investigated whether the LD heterogeneous 

distribution at the level of bregma -1.82 of the 3V, was associated to the presence of insulin 

resistance. We studied the alterations induced by a high fat diet (HFD) in the LDs distribution 

in both WT mice, and in the low-density lipoprotein receptor deficient (Ldlr -/-) mice. The Ldlr 

-/- mice on a HFD present a complete phenotype for the study of metabolic diseases with 

enhanced adipose tissue, insulin resistance and hypothalamic inflammation (7, 8). The top area 

of the ventricle, with a majority of ependimocytes, has enhanced LDs in both the HFD-WT and 

the HFD-fed Ldlr -/- mice (Fig.2A1, A2, B1, B2 and C1, C2, E). The GFAP-ir α tanycytes area 

presents high amount of LDs similarly to the top part of the ventricle in all the groups (Fig.2A3, 

A4, B3, B4 and C3, C4). The lower part of the ventricle wall with GFAP negative α and β 

tanycytes (as shown in Fig.1), has very low amounts of LDs in the WT under chow (Fig.2A5, 

A6, E). Moreover, the HFD in the WT mouse did not induce LDs in this area (Fig.2 B5, B6, E). 

In the HFD-fed Ldlr -/- mice, with a more severe metabolic disruption, we can observe 

enhanced LDs at the ARC level (Fig.2C5, C6, E). 

 

LDs in the 3V in Control (non-diabetic) and T2DM subjects 

Insulin resistance induced by HFD in animal models, do not fully mimic the human T2DM 

pathogenesis, and this is a major obstacle hampering translational studies on brain dysfunction 

in T2DM patients (19). We therefore investigated the distribution of LDs in the human 3V, 

comparing control (non-diabetic patients) with T2DM patients. We used hypothalamic samples 

from the Netherlands Brain Bank selected with age matched between the groups (Table.1). We 

show here that the human 3V wall contains significant amounts of LDs as evidenced by the 

PLIN2 staining (Fig.3A) and the LDs are mainly associated to the ependimocyte layer (Fig.3B). 

All the patients with different ages, distinct causes of death, different body mass index (BMI, 

only part of the subjects had BMI data) and different post-mortem delay (PMD) present a 

significant amount of LD in the 3V wall. Moreover the LD content in this group of subjects did 

not correlate with age, BMI or post mortem delay (PMD) (Suppl.Fig. 1). Important to point that 
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we also show the presence of lipid droplets already in the 3V wall from a separate group of 

young brains (Supplement Figure 3; Supplement Table 1). To compare the control patients with 

the T2DM patients, we performed the quantification of the LDs along the ventricle as described 

in methods section (Fig.3C). In the control and T2DM subjects, we found the same pattern of 

distribution of LD as in mice, with higher amounts of LDs in the top and middle areas (PVN 

and DMH) and lower amounts in the bottom area (infundibular nucleus) (Fig. 3A, C, D). Within 

the T2DM patients this distribution is less pronounced with lower amounts of LDs in the 

ventricle wall cells (Fig.3C, D, E).  

 

Discussion 

Here we provide evidence for the existence of significant amounts of LD in normal hypothalami 

in both mouse and human, concentrated in the wall of the 3V. We further demonstrate that with 

high fat feeding and genetic deletion of LDL receptor in mice, the LD content is augmented, 

depending on degree of metabolic disturbances. Interestingly, in the human brain, the presence 

T2DM disease was accompanied by lower amounts of LDs in the hypothalamus. Taken together 

our data point to an important role for brain LDs in metabolism. 

To our knowledge, we are the first to show a major LD accumulation within the ependymal 

layer of the 3V both in physiological and pathological conditions. Earlier studies have described 

the presence of LDs in the brain ventricle ependymal layer, however they only identified 

significant LDs in the diseased brain with Alzheimer disease (AD) or aging (27-29). These 

authors propose that the presence of LDs in the brain is correlated directly to a pathological 

condition. We could demonstrate the age correlation when group of younger subjects was 

analysed together with the older non-T2DM control group. Our findings point to a broader 

physiological role for the accumulation of LDs along the ventricle, that is also modified in 

metabolic diseases and aging. The heterogeneity of the distribution of LDs along the 3V is 

evident in the mouse and human brains and this pattern is specifically modified under 

pathogenic conditions. Interestingly, the changes in LDs in mouse brain with metabolic 

disruption either with HF feeding alone, or even more severe, through Ldlr deletion, was region 

specific. We found that the more metabolically disturbed the more markedly the increase of 

LDs in the top of the ventricle whereas there were discrete increases in LD in the ARC region 

of the 3V wall. Interestingly, in humans, with T2DM, we observed a reduction of LDs 

throughout the ventricle regions. We can speculate that the complexity and chronic conditions 
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of human T2DM may lead to a reduction of LDs when compared to the control, non-diabetic 

patients. 

LD organelle present a hydrophobic core of neutral lipids that can be partially or completely 

extracted during fixation procedures. This characteristic makes it difficult to fully assess the 

presence of LDs in the brain by using hydrophobic probes solely. PLIN2 is the standard and 

very specific marker of LDs in all cells and the protein is readily degraded when not associated 

with the organelle (30). LDs have distinct roles depending on the cell and stimuli. The most 

studied function is of lipid storage organelles, but LDs are also known sites of inflammatory 

mediator production and intracellular signalling, and vary in protein and lipid composition and 

size (31, 32). We observed a great diversity of LDs size (0.5-4 um) in the ependymal layer. 

According to literature, this suggests diverse roles for these LDs in lipid storage (larger), and 

in control of lipid metabolism, inflammation and signalling (smaller) (32, 33). 

A previous study proposed that only the tanycytes, and not the ependymal cells, would 

accumulate LDs only under HFD (20). However, we show here that the majority of LDs in both 

mouse and in human brain is clearly associated with the ependimocytes, and there is a high 

content of LDs in areas with no tanycytes. These results show that ependimocytes and tanycytes 

accumulate LDs and may have a physiological role in brain lipid metabolism. 

Recently, Geller et al. showed that mouse tanycytes can sense palmitate, in an oxidation 

dependent manner, and modulate neurons to indirectly inhibit the lipolysis in the periphery (34). 

Interestingly, these palmitate-sensing tanycytes are exactly in the region of the GFAP negative 

α tanycytes that we show here. Our suggestion is that this ARC region of the ventricle is a 

specialised lipid sensing area and, therefore, do not physiologically accumulate LDs. 

Additionally, we suggest that this is an important feature since the same pattern was present in 

both mouse and human hypothalamus.  

Earlier reports showed LD accumulation in microglia and astrocytes being important in the 

control of neuronal metabolism (16, 35, 36). In line, we also observed LDs in both microglia 

and astrocytes however less abundant when compared to the ependymal layer (as marked by 

Iba1-ir and GFAP-ir; Supp. Fig. 2). 

We conclude that the presence of hypothalamic LDs is region specific, and is modified 

depending on the metabolic conditions in both mice and humans. The characterization of the 

distribution of the LDs opens possibilities for better understanding of lipid metabolism and lipid 

sensing in the brain. We propose that the evaluation of the LD organelle within the brain tissue 

should always be considered when studying the hypothalamic control of metabolism under 

physiological and pathogenic conditions.  
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Figure legends 

Figure.1 Distribution of LDs in normal mouse hypothalamus. Representative 

immunofluorescence images of the 3 different Bregma levels of hypothalamus with labelled 

neurons (NeuroTrace, in cyan, evidencing the hypothalamic nuclei), and LDs (LD; perilipin 2 

immunoreactive, PLIN2-ir, in red) (A1, B1, C1). Higher magnification z-stack images were 

obtained at the marked areas, with the additional label for cell nuclei (DAPI, in grey), glial 

fibrillary acidic protein-ir (GFAP-ir) astrocytes and GFAP-ir α-tanycytes (in green), and LD 

(PLIN2-ir, in red) (panels 2-7 in A, B and C). LDs were observed at the GFAP-ir α-tanycytes 

region (C4). Quantification of the volume of LDs and nuclei are performed by generating the 

3D surfaces, from the high magnification z-stack images, with the IMARIS software (D). 

Representative image from the outlined area in A4 (original image; D1, D2; nuclei in grey; LD 

in red) (surface image; D3, D4; nuclei in cyan, LD in yellow). The volume of LDs was 

normalized by the volume of nuclei in order to compare the different areas (E). Scale bar: 400 

μm in A1, B1, C1; 40 μm in A2-A7, B2-B7, C2-C7; 10 μm in D1-D4. III: third ventricle. Data 

are presented as mean ±SEM of a minimum n=3. * p<0.05; **p<0.01 according to the Welch´s 

t test. 

Figure.2 LD content is altered in the hypothalamus of insulin resistant mice. Representative 

immunofluorescence images of the mouse hypothalamus (bregma -1.82) from wild type (WT) 

(A1-A6), high fat diet (HFD) fed- WT mice (WT-HFD) (B1-B6), and HFD-fed low-density 

lipoprotein receptor knock out mice (Ldl-KO-HFD, C1-C6). Cell nuclei (DAPI; in grey), glial 

fibrillary acidic protein immunoreactive (GFAP-ir) astrocytes and GFAP-ir α-tanycytes 

(GFAP-ir; in green), and LD (PLIN2-ir, in red) (A, B, C). Quantification of the volume of LDs 

and nuclei are performed by generating the 3D surfaces with the IMARIS software (D). 

Representative image from the outlined area in A1 (original image; D1, D2; nuclei in grey; LD 

in red) (surface image; D3, D4; nuclei in cyan, LD in yellow). The volume of LDs was 

normalized by the volume of nuclei in order to compare the different areas (E). Scale bar: 40 

μm in A1-C6; 10 μm in D1-D4. III: third ventricle. Data is presented as mean ±SEM of a 

minimum n=4. * p<0.05; **p<0.01 according to the Welch´s t test. 

Figure.3 Characterisation of LD distribution and content in the third ventricle of non-diabetic 

controls and T2DM individuals. 

The anatomical orientation of different hypothalamic areas along the third cerebral ventricle 

and the distribution of perilipin 2 immunoreactive (PLIN2-ir, in green) LDs (LD) and cell nuclei 

(DAPI, in grey) (A1). Higher magnification images from three regions outlined in A1 are shown 
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in A2-A4. The morphology of the LDs within the ependimocytes is demonstrated by images in 

B1 and B2 from the area selected in D1. The PLIN2-ir LD content was quantified as described 

in the methods section from the images as in A1 and averaged for the 3 different regions of the 

ventricle wall according to the hypothalamic nuclei in the adjacent parenchyma (C). 

Representative images with higher magnification, showing the nuclei (DAPI, grey) and LD 

(PLIN2-ir, green), to evidence the variation of LDs between the control and the T2DM patients 

(D, E). III, third ventricle lumen; DMH, dorsomedial hypothalamic nucleus; VMH, 

ventromedial hypothalamic nucleus; IFN, infundibular hypothalamic nucleus. Scale bar: 1 mm 

in A1; 200 μm in A2-A4; 10 μm in B1-B2; 40 μm D1-D6, E1-E6. Data is presented as mean 

±SEM of n=8 (controls) and n= 17 (T2DM). * p<0.05 according to the Welch´s t test. 

 

Supplementary Figure.1 Graphs showing the absence of correlation between the amount of 

LDs in the human third ventricle and the parameters: Body Mass Index (BMI) Post Mortem 

Delay (PMD) and Age. 

Supplementary Figure.2 LD in glial fibrillary acidic protein immunoreactive (GFAP-ir) 

astrocyte (A1, higher magnification of the arrow-pointed cell in A2); and Ionized calcium 

binding adaptor molecule 1-ir (Iba1-ir) microglial cells (B1, higher magnification of the arrow-

pointed cell in B2) in the area next to third ventricle in post-mortem human brain tissue. Scale 

bar: 35 μm in A1 and B1, 10 μm in A2 and B2. 

Supplementary Figure.3 LDs distribution and quantification in the 3V wall of younger 

subjects. 

The PLIN2-ir LD was performed and quantified as described in the methods section and Figure 

3. Representative images with higher magnification, showing the nuclei (DAPI, grey) and LD 

(PLIN2-ir, green), within different ages and regions of the third ventricle (A, B, C). Graphs 

showing the quantification along the ventricle in this younger group (D1), and the comparison 

with the older group (Control group from the study in figure 3) (D2 and D3). III, third ventricle 

lumen; DMH, dorsomedial hypothalamic nucleus; IFN, infundibular hypothalamic nucleus; y, 

years. Scale bar: 40 μm. Data is presented as mean ±SEM of n=9 (21-50 y) and n= 8 (65-95 y). 

* p<0.05 according to the Welch´s t test. 

Supplementary text File Full description of the 4 macros used to quantify the human tissue 

LDs. 

Supplementary Table  Clinico-pathological data of younger subjects 

D
ow

nl
oa

de
d 

by
: 

17
9.

21
0.

82
.1

81
 - 

7/
31

/2
02

0 
7:

18
:1

4 
PM

Acc
ep

ted
 m

an
us

cri
pt



Table.1 C
linico-pathological data of patients and m

atched controls. 

N
B

B
 nr. 

Sex 

A
g

e 
B

rk 
PMD

 
B

M
I 

C
ause of death and clinical diagnosis 

C
ontrols 

 
 

 
 

 
  

1980-009 
f 

72 
/ 

9.0 
23 

Epithelial carcinom
a. 

1991-205 
f 

65 
/ 

9.5 
20 

B
reast tum

or, cardiac failure 
2007-088 

f 
82 

3 
5.2 

22 
C

achexia, cardiac failure, encephalopathy, m
itral valve insufficiency. 

2009-022 
f 

77 
1 

2.9 
33 

Pulm
onary m

etastasis of vulva carcinom
a. 

2011-082 
f 

84 
2 

5.9 
39 

R
espiratory failure, angina pectoris, m

itral valve insufficiency.  
2012-005 

f 
84 

2 
5.6 

31 
H

eart failure, m
etastatic breast cancer, scoliosis. 

2012-033 
f 

95 
3 

5.7 
28 

H
eart failure, cachexia and dehydration, pulm

onary disease. 
2012-104 

m
 

79 
2 

6.5 
31 

Legal euthanasia, Ischem
ic colitis, heart failure w

ith dyspnea. 
T2D

M
  

 
 

 
 

1989-032 
m

 
84 

/ 
4.1 

/ 
H

eart failure, intestinal tum
or. 

1995-008 
f 

79 
3 

2.1 
/ 

D
ehydration, endom

etrium
 carcinom

a.  
1997-088 

f 
78 

1 
4.3 

/ 
Pneum

onia, seizures, C
V

A
, cortical dysarthria syndrom

e. 
1998-080 

f 
72 

3 
24.
0 

/ 
R

espiratory failure, pulm
onary hypertension. 

1998-126 
m

 
71 

2 
6.0 

26 
R

espiratory insufficiency, lung carcinom
a. 

1999-015 
f 

93 
3 

2.6 
/ 

Pneum
onia, dehydration, breast cancer. 

2001-003 
m

 
67 

/ 
10.
0 

/ 
H

eart failure, urinary tract infection.  
2003-054 

m
 

67 
1 

4.5 
/ 

C
ardiac shock C

V
A

. 
2006-033 

m
 

79 
1 

5.0 
/ 

Pneum
onia, dehydration, C

V
A

, choledochus carcinom
a. 

2008-105 
f 

89 
3 

3.9 
30 

Pneum
onia, coronary artery bypass, atrial fibrillation, 

2009-091 
m

 
84 

1 
7.3 

32 
A

naem
ia, colon and prostate carcinom

a m
etastasis. 

2010-092 
m

 
86 

3 
5.1 

16 
D

ehydration and cachexia, C
V

A
. 

2011-027 
m

 
80 

1 
3.3 

24 
Pneum

onia, C
V

A
, ischem

ic attack. 
2012-049 

f 
70 

2 
7.6 

/ 
C

achexia, pancreatic carcinom
a. 

2012-088 
f 

85 
3 

6.4 
29 

Legal euthanasia, hypoparathyroidism
. 

2012-092 
m

 
90 

2 
5.8 

/ 
Prostate carcinom

a, C
V

A
. 

2014-040 
m

 
85 

3 
5.2 

/ 
Pulm

onary carcinom
a, pneum

onia, arteritis tem
poralis. 

B
rk: B

raak stage, PM
D

: post-m
ortem

 delay betw
een tim

e of death and tim
e of autopsy (hours), 

 B
M

I: body m
ass index, C

V
A

: cerebrovascular accident.  
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Supplementary Table. Clinico-pathological data of younger subjects. 

 

NBB Number Sex Age Braak PM BMI  Cause of death and clinical diagnosis 
1994-040 m 20 0 8.0 25 Heart failure, B cell lymphoma, viral pneumonia 
2001-009 f 21 / 19.5 / Myocard infart 
1991-005 m 31 / 34 23 Necrotic tumor, adenocarcinoma 
1984-026 f 33 / 24.75 22 Anoxia, lung oedema, tracheobronchitis, brain death 
1980-006 f 43 / 50 / Renal metastatic carcinoma 
1994-118 m 49 0 / 20 Sepsis (E.coli), coloncarcinoma with metastasis 
2011-069 m 49 0 6.5 24 Legal euthanasia, Hodgkin`s lymphoma, urolithiasis 
1982-008 f 50 / 52.75 23 Coma; bronchopneumonia, carcinoma 
1998-091 f 50 0 41 19 Legal euthanasia,  metastatic Pancoust tumor 

D
ow

nl
oa

de
d 

by
: 

17
9.

21
0.

82
.1

81
 - 

7/
31

/2
02

0 
7:

18
:1

4 
PM

Acc
ep

ted
 m

an
us

cri
pt



Macro files
Each file needs to be saved separately by the name mentioned in the first line of the macro

//file "1. lif2tif.txt"
/*
 * Extract images from a lif file
 * Images are RGB but for the current analysis, only the green channel is saved
 * New insights also require the blue channel.
 * Enter starting folder, process recursively all lif files, creating a subfolder for each
 * Name of subfolder reflects the name of the lif file
 * Name of the image files are created from series names in lif files.

 * Blue is in the first channel, green in the second and red in the third channel
 * (as opposed to the usual RGB ordering of pixel data).
 */
//last changes (for publication) 20191105 13:55
//by a.jonker@amsterdamumc.nl

//modified version of "lif2tif 20190418"

macro "Extract Timelapse from Lif as Tif"{
//avoiding the Ext functions
startTime = getTime();
close("*");
print("\\Clear");
run("Bio-Formats Macro Extensions");
startPath = getDirectory("Choose a Directory");
setBatchMode(true);//change to true for speeding up, should be false for debugging or you won't see images!
nLifFiles = processFolder(startPath);
setBatchMode(false);
close("*");
endTime = getTime();deltaTime=floor((endTime-startTime)/60);
showMessage("Processed "+nLifFiles+" Lif files in " + deltaTime + " seconds");
}

function processFolder(inPath){
processedFiles=0;
arrayOfNames = getFileList( inPath );
for(i=0;i<arrayOfNames.length;i++){
thisName=arrayOfNames[i];
if(File.isDirectory(inPath+thisName)){
processedFiles = processedFiles + processFolder(inPath + thisName);
}
}
for(i=0;i<arrayOfNames.length;i++){
thisName = arrayOfNames[i];//shows up in Debug window
if(endsWith(thisName,".lif")){
thisFolder=replace(arrayOfNames[i],".lif","");
outPath = inPath+thisFolder+File.separator;
bluePath = outPath+"blue"+File.separator;
//having a symmetrical solution in bluePath and greenPath would have been better
File.makeDirectory(outPath);
File.makeDirectory(bluePath);
if (!File.exists(outPath) || !File.exists(bluePath)){
errorMessage="Unable to create directory " + outPath;
exit(errorMessage);
}
processedFiles = processedFiles + extractGreen(thisFolder,inPath,outPath);
}
}
return processedFiles;
}

function extractGreen(fileName,inpath, outpath){//fileName has no extension, fileName is same as tail of outpath
close("*");//remove remaining windows
pf=0;//number of processed files
print("processing "+fileName+ " into "+outpath);//keep track of progress in big batches
run("Bio-Formats Macro Extensions");
//import headers in Original Metadata Window
//get an array with series names
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//for each series
//could use FluoCubeName property as indicator of wavelength used
id = inpath + fileName+".lif";
Ext.setId(id);//use EXT functions of Bio-Formats extensions to read .lif files
Ext.getCurrentFile(file);
Ext.getImageCount(n);
Ext.getSeriesCount(seriesCount);

Ext.getFormat(inpath+fileName+".lif", format);
Ext.getSeriesCount(seriesCount);
for(s=0; s < seriesCount; s++){
Ext.setSeries(s);st=s+1;
Ext.getSeriesName(seriesName); 
//string, format " Series X Name\t StringValue"
//string, format "Image name\tStringValue"
//a slash is sometimes found in the seriesName, as subfolder indicator
//slashes are a directory indicator that we don't want to handle; replace slash by undersocre
if(indexOf(seriesName,"/")!=-1){seriesName=replace(seriesName,"/","_");}
destFile = fileName + "/" + seriesName;
Ext.getImageCount(imageCount);//if 0 then this is a text file
if(imageCount > 0){
ext = ".tif";
}else{
ext="";
}
testname = seriesName + ext;
if(!File.exists(outpath + testname) || true){//force re-saving of blue channel; save time by removing ||true and skip old files.
print("\\Update:trying to load "+testname);
run("Bio-Formats Importer", "open=["+inpath+fileName+".lif"+"] use_virtual_stack autoscale color_mode=Default rois_import=[ROI 
manager] view=Hyperstack stack_order=XYCZT series_"+st);
print("\\Update:Successfully loaded "+testname);
outFileName = outpath + testname;
print("\\Update:Saving "+outFileName);
if(ext == ".tif"){
Stack.setDisplayMode("color");
run("Stack to Images");
tws=getList("image.titles");
for(i=tws.length;i>0;i--){//close images that are not needed, save other images
thisTitle=tws[i-1];
selectImage(thisTitle);
foundPos=indexOf(thisTitle,"3/3");//image containing red (remember: order is blue, green, red)
if(foundPos!=-1){
close;//run("Close");
}

foundPos=indexOf(thisTitle,"2/3");
if(foundPos!=-1){
saveAs("tiff", outpath+seriesName+".tif");//save the green image. Not a symmetrical solution (would be 
outpath/green/seriesName.tif).
close;//run("Close");
}
foundPos=indexOf(thisTitle,"1/3");
if(foundPos!=-1){
saveAs("tiff", outpath+"blue/"+seriesName+".tif");
close;//run("Close");
}
}
}
print("\\Update:Saving "+outFileName );
pf++;
}else{
print ("skipping already existing "+testname);
}
}
return pf;
}
//file "2. generate and clean up rois.txt"

/*
 * Generate a polyline region of interest that follows the edge of tissue in the image
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 * The edge starts at an image's border, crosses the point farthest away from any border and exits on another border.
 *
 * These ROIs are stored in a zip file within the folder where tiff files are found
 * The macro recursively follows any folder from the chosen start path
 *
 * Last change (for publication) dd 20191105 12:36
 * By a.jonker@amsterdamumc.nl
 * 
 * Outline of the macro:
 * Tissue is considered land, background is considered water. Try to find the shoreline.
 * Assumption is that the edge of the tissue is near the middle of the image
 * Therefore, any cracks, holes and other artifacts should mostly be distregarded when finding the shore
 *
 * If shoreline cannot be detected for any reason, draw a diagonal ROI, as a visual alert
 * 
 * Failures occur and users must be aware of, or manually corrected if
 * -foreground and background are too similar (noisy background, sporadic signal in foreground)
 * -tissue has cracks touching the edge (shoreline enters and exits through the same image edge)
 * -tissue has cracks, which will be followed, but which do not represent edge tissue
 * -multiple parallel areas of low signal are present (the wrong edge may be chosen)
 * 
 * Because of these shortcomings, resulting ROIs should be inspected manually.
 * To this end, a built-in switch can be used, the functions can be called in two ways:
 * -function argument = 1 -> tissue edge ROIs will be generated without user intervention
 *  Input: a folder with images containing tissue that touches at least one image edge
 *  Output: a zip file containing one ROI for each image

 * -function argument = 0 -> ROIs will be loaded onto images for inspecition and correction
 *  Input: a folder with a zip file containing named ROIs, and correspondingly named image files
 * (possible user interaction to amend or re-create the proper tissue edge)
 *  Output: a zip file containing one ROI for each image, indicating the tissue edge
 *
 * User intervention can take place in two ways after ROIs are loaded onto images
 * -Rois can be re-drawn/re-created using the (already active) broken-line tool
 * -Rois can be amended by deleting (alt-click) or relocating equidistant handles on the ROI
 *
 * If the user accepts the ROI, the file remains as is
 * If the user amends a ROI the roi is resampled and the original ROI.zip overwritten
 * 
 * User inspection and intervention is slow.
 * Re-examining is prevented, and inspection can be sped up by skipping folders
 * Any folder name containing an asterix (*) will be skipped.
 * Bug fix 20191018, identified potential bug in 'restore selection'
 */
requires("1.52p");
generate=1;//can be changed to 0 for inspection
inspect=1-generate;//complementary boolean value

var logLineNr = 0;//vertical indent in log file allows for concise log
print("\\Clear");
if(nResults!=0){
IJ.deleteRows(0,nResults); //any previous result should be wiped
}
startPath = getDirectory("Choose a Directory");
close("*");
pf = processFolder(startPath,generate);
//pf = processFolder(startPath,inspect);
print ("analysed "+pf+" files");

function processFolder(inPath,generateOrInspect){
if(indexOf(inPath,"*")!= -1){//skip completed folders; the asterix can be, upon completion, manually added to a folder name
return 0;
}
generateload=generateOrInspect;
//(=1)-> generate without user intervention 
//(=0)-> load, inspect, alter, accept and save
processedFiles=0;
arrayOfNames = getFileList( inPath );
for(i=0;i<arrayOfNames.length;i++){
thisName=arrayOfNames[i];//using a separate variable allows for inspection in debugger
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if(File.isDirectory(inPath+thisName)){ //enter a depth-first search
print("\\Update"+logLineNr+": processing "+thisName);//logLineNr allows selective clearing
processedFiles = processedFiles + processFolder(inPath + thisName,generateload);
}
}
folderName=File.getName(inPath);
logLineNr++;
print("\\Update"+logLineNr+": processing "+folderName);//logLineNr allows selective clearing
if(generateload ==1){ //generate outlines without further intervention
processedFiles = processedFiles + generateRois(inPath);
nrois=roiManager("count");
if(checkProperRoiNames()!=0){ //Weird cases create exclamation marks in the ROI name
debug;
}
if(nrois>0){
if(File.exists(inPath+"roiSet.zip")){
//do not overwrite but move to date stamped copy
prevFile=inPath+"roiSet_before_"+ymdhs()+".zip";
File.rename(outFile, prevFile);
//or the more rude way: File.delete(inPath+"roiSet.zip");
}
if(checkProperRoiNames()!=0){
//sometimes an exclamation mark is preceding the roi/file name
debug;
}
roiManager("save",inPath+"roiSet.zip");
}

}else{ //load images and display for inspection with ROIs active and image contrast maximised
processedFiles = processedFiles + loadRois(inPath);
if (nImages() > 1){ //images have been found
run("Tile");
for(i=1;i<=nImages;i++){
selectImage(i);
run("Enhance Contrast", "saturated=0.35");
}
//ask user to accept the ROIs (with numbered begin-end points?) and store ROI's
updateDisplay();
accept= getBoolean("Do you need to change these outlines?\n"+thisName,"accept as is","change");

if (accept == 1) {
print("\\Update"+logLineNr+":accepted " + inPath); // no  need to re-save the roi
logLineNr++;
updateDisplay() ;
}else{
changeRois();//wait for the user to have modified ROIs and clicked OK
nrois=roiManager("count");//if rois were found 
if(nrois>0){//overwrite the old ones
outFile = inPath+"roiSet.zip";
if(File.exists(outFile)){
prevFile=inPath+"roiSet_before_"+ymdhs()+".zip";
File.rename(outFile, prevFile);
// or the more rude way: File.delete(outFileName);
}
roiManager("save",outFileName);
}else{//no rois were found, delete the old roi set
if(File.exists(inPath+"roiSet.zip"))File.delete(inPath+"roiSet.zip");

}
}
}
}
if(nResults!=0)IJ.deleteRows(0,nResults);
close("*");
return processedFiles;
}

function loadRois(path){
//open the first encountered zip file in a folder and use that as ROI set
nRois = 0;
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zipfiles=getFileList(path);
if(zipfiles.length == 0){
return 0;
}
i=0;found = 0;
do{
thisname=zipfiles[i];
fpn=path+zipfiles[i];
if(endsWith(fpn,"zip")){
found = 1;
}else{
i++;
}
}while (i<zipfiles.length&&found==0);
if(!endsWith(fpn,"zip")) return;
print("\\Clear");
if(nResults!=0)IJ.deleteRows(0,nResults);
close("*");
if(roiManager("count")>0){
roiManager("Deselect");
roiManager("Delete");
}
//path = File.openDialog("Select a roi (zip) File");
roiZip=File.getName(fpn);
dir = replace(path,roiZip,"");//this leaves the directory separator in place

roiManager("Open", fpn);
for(iRoi=0;iRoi<roiManager("count");iRoi++){
//get the name of the ROI, this is the same as the name of the image file the ROI belongs to
imName=call("ij.plugin.frame.RoiManager.getName", iRoi);
//test for names of images that we generated ourselves; exclude these usual suspects
if((!isOpen(imName) 
&& indexOf(imName, "montage")==-1
&& indexOf(imName, "strip")==-1
&& indexOf(imName, "normalised")==-1
) !=0)
{
//the image is not (yet) open so attempt to importimage by that name
importImageName=dir+imName;
if(File.exists(importImageName)){
open(importImageName);
selectImage(imName);
roiManager("select",iRoi);
Roi.getCoordinates(xpoints,ypoints);
makeSelection("freeline",xpoints,ypoints);
run("Interpolate", "interval=10  adjust"); //put in adjustment handles
nRois++;
}else{
print("\\Update"+logLineNr+": Failed to locate image " + importImageName);
logLineNr++;
}

}
}
return nRois;
}
function generateRois(path){
//debug;
if(roiManager("count")>0){
roiManager("Deselect");
roiManager("Delete");
}
nRois = 0;
files=getFileList( path );
for(i=0;i<files.length;i++){
thisName=files[i];
if(indexOf(files[i],"tif")!=-1
&&indexOf(files[i],"Snapshot")==-1
&&indexOf(files[i],"strip")==-1
&&indexOf(files[i],"montage")==-1
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){//only process Mark_and_find files
open(path+files[i]);
inImgID=getImageID();
findCoastline(inImgID);
nRois=roiManager("count");
print(nRois+" rois found ; i= "+i);
}
}
if (nRois == 0 ) {
//sometimes things go wrong, then offer debug option or fail silently 
//debug;
}
return nRois;
}
function changeRois(){
//for every ROI in manager, get the image name, set roi, set ROI as editable
// this has been done already if changeROIs() is called after loading images and ROIs
setTool("polyline");
//wait for changes to be complete
waitForUser("Change ROIs to your satisfaction\nRemember to work from bio top to bio bottom\nThen click OK");
imagesTitlesList = getList("image.titles");
nImgs=imagesTitlesList.length; //now walk all open images
for(iImg=0;iImg<nImgs;iImg++){
imTitle=imagesTitlesList[iImg];
selectImage(imTitle);//get their title
st=selectionType() ;
if(st==6 || st == 7){
for(iRoi=0;iRoi<roiManager("count");iRoi++){
imName=call("ij.plugin.frame.RoiManager.getName", iRoi);
if(imName==imTitle){
//you can't just call 'update' as the roi manager is not aware of the new coordinates
//first harvest the current roi (this differs from the roiManager's current Roi!!) from the image 
Roi.getCoordinates(xpoints,ypoints);
//select iRoi in roimanager to amend
roiManager("select",iRoi);
// re-create roi in image so roiManager is aware of changes
makeSelection("freeline",xpoints,ypoints);
//then do update the roi in the roiManager's list
roiManager("update");
}
}
}
}
return;
}
function findCoastline(imgID){
getDimensions(width, height, channels, slices, frames);
inTitle=getTitle();
//Tissue in the image covers at least 30% of the area.
aPart = 0.3 * width * height;
run("Select All");
run("Duplicate...", "title=coastline");//keep origial intensity data and work on copy
dupID=getImageID();
run ("Enhance Contrast", "saturated=0.35");//some images have very low signal
run("Apply LUT");//now image is bright, also to the eye. Data is no longer quantitative
run("Set Scale...", "distance=0 known=0 pixel=1 unit=pixel");//remove µm scale, eventually we want pixels anyway
rotateNeed=0;//might be changed to 1 by code further down
run("Gaussian Blur...", "sigma=2");//get a global intensity so small features disappear
setAutoThreshold("Default dark");
setOption("BlackBackground", true);
run("Convert to Mask");
run("Fill Holes");//remove any blobs and blebs in both the tissue...
run("Invert");
run("Fill Holes");//...and in the background
run("Invert");

run("Set Measurements...", "area mean standard modal min centroid center bounding shape integrated skewness area_fraction limit 
redirect=None decimal=5");
setAutoThreshold("Default dark");
List.setMeasurements;
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xm=List.getValue("XM");//get the center of mass of what is hopefully the tissue
ym=List.getValue("YM");
doWand(xm,ym);//create a ROI around this
run("Measure");
//the following code tries to figure out if selection is background or tissue
//and swaps found outlines if necessary
amean=getResult("Mean");//the current selection's mean
aarea=getResult("Area");
selectImage(imgID);//mesure in the original image
run("Restore Selection");//re-create the same area in the original image
run("Measure");
m1=getResult("Mean");
run("Make Inverse");
run("Measure");
m2=getResult("Mean");
if(m2<m1){//try alternative 
run("Make Inverse");
}
selectImage(dupID);//continue to work with the duplicate.

//we already have a selection present here //run("Restore Selection");
if(m2<m1){//so also have the inverse in the duplicate, if necessary.
run("Make Inverse");
}

//aarea should now delineate tissue and run along the 'beach'
//amean should now be 255
//we are not interested in the entire ROI enclosing the tissue
//but only the area that touches the outer edge of the tissue
//
//find the roi coordinates farthest away from edge as
//this is a good starting point to find the shore line-part of the entire ROI
run("Interpolate", "interval=1");//walk pixel by pixel
Roi.getCoordinates(xpoints, ypoints);
dmax=0;//maximum distance to all edges
nmax=0;//ordinal of coordinate that is farthest away from all edges

for(i=0;i<xpoints.length;i++){
x=xpoints[i];
y=ypoints[i];
makePoint(x, y, "cross");//wait(delay); //if you want to SEE it happening, remove first two slashes
dx=min(x,width-x);//x-distance away from edges
dy=min(y,height-y);//y-distance away from edges
farthest=min(dx,dy);//should also check for convexity here?
if(farthest>dmax){//the current pixel is further away, keep this info
nmax=i;
dmax=farthest;
}
}
makeOval(xpoints[nmax]-2,ypoints[nmax]-2,5,5);//indicate the point found as the farthest from any image side
//waitForUser("Farthest");//uncomment if you want to SEE it happening
nmid=nmax;
i=nmid+1;//mod xpoints.length; go and inspect the next point of the (closed contour) ROI.
if(i==xpoints.length){i=0;}
do{//ordinally walk forward in coordinates, starting at the coordinate farthest away from any image edge,
//till we reach the image border
x=xpoints[i];
y=ypoints[i];
makePoint(x, y, "cross");//wait(delay);
i=(i+1);
if(i==xpoints.length){//oops, the beach is not [first..start______end..last] but [first___end...start___last]
i=0;
rotateNeed=1;//rotating is pushing out values on one side, moving them in on the other side of the array
}
}while(i<xpoints.length && x>0 && y>0 && x<width-1 && y<height-1 && i!=nmax);//rounding gives x=-0.00 which is false for x==0
// that is: wile we have not reached the end of the array, 
//do not hit a wall left or right(x=0 or x=width-1) 
//or top or bottom (y=0 or y=height-1)
//makeOval(x-2,y-2,5,5);//uncomment if you want to SEE it happening
//waitForUser("Forward");//uncomment if you want to SEE it happening
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end=i;
if(rotateNeed!=0){
//from the polygon ROI we have selected part of it that describes the coastline
//index i now indicates how far the coastline runs; from 0-i and from ?? to nmax
//we rotate the array so the last point of the coastline is the last point of the array.
//elements that are 'rotated out' at the end, enter in the head of the array
xpoints=Array.rotate(xpoints,-i);
ypoints=Array.rotate(ypoints,-i);
nmax=nmax-i;
end=xpoints.length-1;
}else{
end=i;
}
i=nmax;
//
do{//walk backward in coordinates till we reach the image border
i=(i-1);
if(i==-1){//oops, we backwar we ran out of the front of the array
i=xpoints.length -1;//so we enter in the end of the array
}
x=xpoints[i];
y=ypoints[i];
print("\\Update"+logLineNr+":x = "+x+" y = "+y+" i = "+i);
makePoint(x, y, "cross");//wait(2);
//if(i==0) debug;//complex expression; save in variable for debugging purposes:
finished=!(i<xpoints.length && x>0 && y>0 && x<width-1 && y<height-1 && i!=nmid);
}while(!finished);

makeOval(x-2,y-2,5,5);
//waitForUser("Backward");//if you want to SEE it happening halt until the user has viewed the image

start=i;

//nmin is first coordinate nearest to edge of image and at start of coastline, nmax the last of the coastline
if(start>end){
ror=xpoints.length-start;//rotate over right distance
Array.rotate(xpoints,ror);//elements that shift out right, shift in left.
Array.rotate(ypoints,ror);
start=0; end=end+ror;
}
s=min(start,end)+1;
e=max(start,end)-1;
makeArrow(xpoints[s],ypoints[s],xpoints[e],ypoints[e],"notched"); //quicklook visualisation
//waitForUser("Direction");//uncomment if you want to SEE the direction the beach was travelled
xpoints=Array.slice(xpoints,s,e);
ypoints=Array.slice(ypoints,s,e);
makeSelection("freeline",xpoints,ypoints);//the actual visualisation of the beach
//
if(xpoints.length < 2){//generate diagonal if no roi has been found.
makeLine(0, 0, width/2, height/2,width,height);
//waitForUser("No beach");//uncomment if you want to SEE in case no beach was found

}
//store the shoreline ROI in the roiManager and name it after the image it was obtained from
run("Interpolate", "interval=5 smooth adjust");//iron out small deviations
roiManager("add");
roiManager("select",roiManager("count")-1);
roiManager("rename",inTitle);
Roi.getCoordinates(xpoints,ypoints);
close;
makeSelection("freeline",xpoints,ypoints);//draw the outline in the original image
return;
}
function checkProperRoiNames(){
//if an exclamation mark or a dash is present in any ROI name
nRois=roiManager("count");
OK=0;
for(i=0;i<nRois;i++){
imName=call("ij.plugin.frame.RoiManager.getName", i);
if(indexOf(imName,"!")!=-1 || indexOf(imName,"-")!=-1){
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print("Roi name of roi number "+i+" contains ! or - ");
return 1;
}
}
return 0;
}

function min(a,b){
if(a>b)return b; else return a;
}
function max(a,b){
if(a<b) return b;else return a;
}
function abs(a){
if(a<0)return a*-1;else return a;
}
function ymdhs(){
getDateAndTime(year, month, dayOfWeek, dayOfMonth, hour, minute, second, msec);
yes=IJ.pad(year,4);
mos=IJ.pad(month,2);
das=IJ.pad(dayOfMonth,2);
hos=IJ.pad(hour,2);
mis=IJ.pad(minute,2);
ses=IJ.pad(second,2);
ymdhsString=yes+mos+das+"_"+hos+"."+mis+"."+ses;
return ymdhsString;
}
// file "3. straighten ROIs.txt"
/* The current macro is the third (3.) step in the process of measuring brain tissue
 * Input: 
 * -a roiSet.zip file containing ROIs 
 * -image files containing quantitative fluorescent signal
 * -a text file containing information on the relative image locations
 * 
 * Output:
 * - strip files, one strip per image, containing the straightened tissue edge stripe
 * - a montage, containing all pixels in a stripHeight-pixel wide neighbourhood of the tissue edge
 * - a scaled back image of 1000 and of 100 pixel wide, stripHeight pixels high
 * - numeric measurements representing the total fluorescence in the 0-100% length of the tissue edge
 *
 * Method
 * Non-overlapping mosaïc images of brain tissue were recorded, for details see macro (1.)
 * Foreground and background of each recorded image was found using a separate macro (2.)
 *
 * The placement of the tissue section on the object glass necessitated a certain direction of recording
 * The edge of the tissue was followed either from Top to bottom or Bottom to top
 * Likewise, Left to right or Right to left indicates direction of recording
 * The directionality of the set of tiles was indicated by one of these capital four letters.
 * The directionality string contains the appropriate set from the letters BLRT, max length 4.
 * The letters indicating the order of borders to inspect in the image for a border-crossing of tissue edge 
 * 
 * For each image of the mosaïc the tissue border was outlined by a Region Of Interest (ROI)
 * this was done in the macro in file "2. generate and clean up rois"
 * In the current macro, these ROIs are straightened into strips, one strip per image
 * Strips are annealed to one long strip, the montage image
 * Pixels in the montage image representing 0-100% of the tissue edge found in the images.
 * Perpendicular, on either side of the tissue edge, 40 pixels were taken into consideration
 *
 * From the resulting arbitrary wide and stripHeight pixels high montage, fluorescence was measured
 *
 * Last change 20190930 16:59
 * 
 */

var debugger=false;//set to true for inspection of code execution
var stripHeight = 80;//column of pixels perpendicular to the tissue edge, area that is extracted into strips
//strip is divided into four sections, each stripHeight/4 high. Two of them do not contain tissue, the other two do.
//Because cells are polarised, the nucleii will be far furhter from tissue edge, so the Blue channel is sampled 40 pixel-wide
//(green) lipid droplets are closer to edge, there only 20 pixel wide would do. For now, we consider a 40-wide pixel column.
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//Select the root folder of files to process
directionsFile=File.openDialog("Select the file sampledirections.txt");
//get folderlist
//open directionality file
//debugging runs into the Main function automatically.
macro "Main"{
//setBatchMode(true);//for faster execution, images will not be updated during processing
g=Main("");
setBatchMode(false);//we want to see the execution of the application for blue channel images
b=Main("blue/");
setBatchMode(false);
if(g!=b){//g should be equal to b
showMessage("Found "+g+" green edges and "+b+" blue edges");
}
}
macro "Open Zipped Rois"{
close("*");print("\\Clear");
if(roiManager("count")!=0){roiManager("deselect");roiManager("delete");}
path = File.openDialog("Select a roi (zip) File");
openRoiZipImages(path,"",true);
run("Tile");

}

function Main(blue){
fn=File.getName(directionsFile);
path=replace(directionsFile,fn,"");
if(!File.exists(directionsFile)){
return;//without information on the direction of the border we can't reconstruct
}

directions = File.openAsString(directionsFile);
lines = split(directions,"\n");

//loop through directionality list
for(lineNo=0;lineNo<lines.length;lineNo++){
line = lines[lineNo];
chunks = split(line,"\t");
fileNamePart = chunks[0];
direction = chunks[1];
//loop through folders in folder list
arrayOfNames = getFileList(path );

for(i=0;i<arrayOfNames.length;i++){
thisName=arrayOfNames[i];
print("Analysing "+ thisName);
//if directionality name is in folder name
partInFile=indexOf(thisName,fileNamePart);
if(File.isDirectory(path+thisName) && partInFile>-1){
if(nResults!=0)IJ.deleteRows(0,nResults);//start with clean Results slat
close("*");//close any remaining open images
if(roiManager("count")>0){//remove any remaining ROIs in the manager
roiManager("Deselect");
roiManager("Delete");
}
//let zip file open all associated images and activate their rois
//will disable the selection of images later on so do not use setBatchMode(true);
pf=processZipfile(path + thisName ,blue );
if(nImages()!=0){
run("Tile");//show an overview of all images with their ROI
processedFiles = processedFiles + pf;
//loop through roi names (they equal (now opened) image window names!)
totalWidth = 0;
nRois=roiManager("count");
stripIDs=newArray(nRois);//bookkeeping for fast access of images
stripWidths = newArray(nRois)//bookkeeping for total width and starting positions
for(roiNr = 0; roiNr<nRois;roiNr++){
imgName=call("ij.plugin.frame.RoiManager.getName", roiNr);//get image title from ROI name
selectImage(imgName);//select the appropriate image
roiManager("select",roiNr);//get its ROI into the image display
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run("Interpolate", "interval=1");//also with sparse ROIs we need to pick up all points.
myFlip=flipNeeded(direction,roiNr); //see function for explanation
//straighten curved ROIs into a straight strip(e) of pixels
stripName = "strip_"+IJ.pad(stripHeight,2) +"_"+ IJ.pad(roiNr+1,2)+".tif";
run("Properties... ", "  width="+stripHeight);//set line width to desired size
run("Straighten...", "line="+stripHeight+" title="+stripName); 
//flip if necessary
if(myFlip!=0){
run("Flip Horizontally");
}
stripIDs[roiNr]=getImageID();//for numeric reference
//save roi at full size with name stripX, where X is [01,..]
setOption("ScaleConversions", false);//we don't want scaling of grey values
run("8-bit");//we want raw 8-bit values!
fn=path+thisName+blue+stripName;
saveAs("Tiff", fn);
getDimensions(width, height, channels, slices, frames);
//(keep roi open)
stripWidths[roiNr] = width;
totalWidth = totalWidth + width;
}
//anneal all rois to one big strip @height=stripHeight

newImage("strip", "8-bit black", totalWidth, stripHeight, 1);
montageID=getImageID();
leftPos=0;
for(stripNr = 0;stripNr<nRois;stripNr++){
//select strip
selectImage(stripIDs[stripNr]);
run("Select All");
run("Copy");
//select montage
selectImage(montageID);
//create paste rectangle
sw=stripWidths[stripNr];
makeRectangle(leftPos,0,sw,height);
run("Paste");
leftPos=leftPos + sw;
}
//save annealed image
thisUName = replace(thisName,"/","_");
fn = thisName +blue+ thisUName + "montage_"+IJ.pad(stripHeight,2) + ".tif";
fn = path + fn;
saveAs("Tiff",fn);
}
}
}
}
close("*");
return 0;
}
function processZipfile(inPath,blue){
processedFiles=0;
arrayOfNames = getFileList( inPath );
for(i=0;i<arrayOfNames.length;i++){
thisName = arrayOfNames[i];
if(endsWith(thisName,"roiSet.zip")){
//make total intensity fluorescence in the column 
//save as 1000 values
// use the sum of fluorescence per 1/100 and per 1/1000 of the total length of the edges.
processName = inPath + thisName; //shows up in Debug window
processedFiles = processedFiles + openRoiZipImages(processName,blue,0);
a=5;//debugger decoy, useless assignment needed for variable inspection during single stepping
//now all images belonging to this roiManager zip file are open with the ROIs selected
}
}
return 1;
}

function openRoiZipImages(path,blue,makeHandles){
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//open a zip file (point at the zip file using Finder dialog)
//zip file contains rois, one roi per image, with roi name is image(file) name
//open every image by name, in same folder as zip file, name taken from roiManager entry

roiZip=File.getName(path);
dir = replace(path,roiZip,"");//this leaves the directory separator in place
roiManager("Open", path);
for(iRoi=0;iRoi<roiManager("count");iRoi++){
imName=call("ij.plugin.frame.RoiManager.getName", iRoi);
if(!isOpen(imName)){
//attempt to importimage by that name
importImageName=dir+blue+imName;
if(File.exists(importImageName)){
open(importImageName);
selectImage(imName);
roiManager("select",iRoi);
if(makeHandles){//convert the possible fine grained, or very coarse ROI to smooth handles
Roi.getCoordinates(xpoints,ypoints);
makeSelection("freeline",xpoints,ypoints);
run("Interpolate", "interval=10  adjust"); //put in adjustment handles
}
run("Enhance Contrast", "saturated=0.35");//in case of faint images
}
}
}
return 1; //one zip file processed
}
function flipNeeded(direction,roiNr){
Roi.getCoordinates(xpts,ypts);
getDimensions(width, height, channels, slices, frames);
dtet = 10;//distance-to-edge tolerance
l=xpts.length-1;//last coordinate
determined = false;
index = 0;
sc=0;
toofar=false;
direction = toUpperCase(direction);
do{
pd = substring(direction,index,index+1);//primary direction
if( pd == "T"){
if(ypts[0]<ypts[l] ){ //y[0] is nearest tot top
if(ypts[0] < dtet) { //y[0] is close enough to image's top edge
sc = 0;
determined = true;
}else{//not close enough, try again
toofar=true;
}
}else{//ypts[l] is close to the top
if(ypts[l] < dtet) { //y[l] is close enough to image's top edge
sc = l;
determined = true;
}else{//not close enough, try again
toofar=true;
}
}
}
if(pd == "B"){
if(ypts[0]>ypts[l] ){ //y[0] is nearest tot bottom
if(ypts[0] > (height - dtet)) { //y[0] is close enough to image's bottom edgee
sc = 0;
determined = true;
}else{//not close enough, try again
toofar=true;
}
}else{//ypts[l] is close to the bottom
if(ypts[l] > (height - dtet)) { //y[l] is close enough to image's bottom edge
sc = l;
determined = true;
}else{//not close enough, try again
toofar=true;
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}
}
}
if(pd == "L"){
if(xpts[0] < xpts[l] ){ //x[0] is nearest tot left edge
if(xpts[0] < dtet) { //y[0] is close enough to image's left edgee
sc = 0;
determined = true;
}else{//not close enough, try again
toofar=true;
}
}else{//xpts[l] is nearest to the left edge
if(xpts[l] < dtet) { //x[l] is close enough to image's left edge
sc = l;
determined = true;
}else{//not close enough, try again
toofar=true;
}
}
}
if(pd == "R"){
if(xpts[0] > xpts[l] ){ //x[0] is nearest tot right edge
if(xpts[0] > (width - dtet)) { //y[0] is close enough to image's right edge
sc = 0;
determined = true;
}else{//not close enough, try again
toofar=true;
}
}else{//xpts[l] is nearest to the left edge
if(xpts[l] > (width - dtet)) { //x[l] is close enough to image's rightt edge
sc = l;
determined = true;
}else{//not close enough, try again
toofar=true;
}
}
}
index++;
}while(index < lengthOf(direction) && determined == false);
if(!determined && toofar){
//use [0] or [l] based on first character of direction, disregard distance to edge
pd = substring(direction,0,1);flipstring = "flip the direction";flip=0;
if(pd == "T"){if(ypts[0]<ypts[l])flip = 0;else flip = 1;}
if(pd == "B"){if(ypts[0]>ypts[l])flip = 0;else flip = 1;}
if(pd == "L"){if(xpts[0]<ypts[l])flip = 0;else flip = 1;}
if(pd == "R"){if(xpts[0]>ypts[l])flip = 0;else flip = 1;}
if(flip ==1)flipstring = "not "+flipstring;
//waitForUser("far away","based on "+pd+" we chose to "+flipstring);
return flip * l;
}
return sc != 0;
}

//analyse strips.txt
requires("1.52p");
var debugger=true;

/* Last change 20190930 11:25
 * written by a.jonker@amsterdamumc.nl
 *
 * Input:
 * image representing (green) fluorescent lipid droplets
 * image representing (blue) nuclear signal
 * Output: csv file
 *
 * Images contain straightened ROIs with 4 zones of equal size (usually 10 pixels high, arbitrary wide)
 * Images blue and green contain in 4 zones respectively tissue background, droplet signal, background: 1 near and 1 far from 
tissue edge
 * Analyse Strips macro detects if tissue is in upper or lower part.
 * Green signal in tissue background is considered background, mean is measured and used as lower threshold in tissue edge.
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 * Same procedure is followed for measuring blue tissue background and tissue edge.
 * Results of threshold value, net signal, and area (expressed in pixels) are collected for green and blue.
 * Measurement results are saved to Excel-readable comma separated file
 *
 * For visual inspection, the variable 'debugger' can be set to 'true', after which the macro is executed slowly
 * If debugger is set to false, processing takes a few minutes.
 *
 * 
 *
 */

macro "Analyse Strips"{
close("*");
pattern = "montage_80.tif";//later: montage_"+IJ.pad(stripHeight,2);
normaliseTo=100;
startPath = getDirectory("Choose a Directory");
nFiles=analyseStrips(startPath,pattern);
print("Processed "+nFiles+" files");
}

function analyseStrips(path,pat){
arrayOfNames = getFileList(path );
nSubstrips=4;
processedFiles=0;
substripVals=newArray(nSubstrips);
run("Set Measurements...", "mean modal min integrated limit redirect=None decimal=0");
for(i=0;i<arrayOfNames.length;i++){
thisName=arrayOfNames[i];
if(File.isDirectory(path+thisName) && indexOf(thisName,"blue")==-1){
processedFiles = processedFiles + analyseStrips(path + thisName,pat);
}
}
for(iNames=0;iNames<arrayOfNames.length;iNames++){
thisName=arrayOfNames[iNames];
updateResults();
blueDaughter=path+"blue/"+thisName;
parentName=File.getName(path);
if(indexOf(thisName,pat)!= -1 && indexOf(thisName,".tif")!=-1 && File.exists(blueDaughter)){
print("\\Clear");
print("\\Update0:processing " + parentName);
run("Clear Results");
close("*");
//open strip
pn="blue/"+thisName;
pn=path+pn;
open(pn);
blueImageID=getImageID();
rename("Blue");
run("Select All");;
run("Duplicate...", "title=bluegauss"); //if we can't make nice outlines
dupGauss=getImageID();
getDimensions(width, height, channels, slices, frames);
//these arrays hold coordinates for a polyLine ROI that separates cells in foreground from tissue background
var edgeArrayY = newArray(width);//add 2 for corners of enclosed area
var edgeArrayX = newArray(width);

var sigAreaArray = newArray(width); //area for blue and green is the same. 
var blueSigValueArray = newArray(width);//background area is heigt/2 -SigArea
var bgAreaArray = newArray(width); //is not strictly necessary, can be calculated from sigAreaArray
var blueBgValueArray = newArray(width);

var greenSigValueArray = newArray(width);//area is same as blue
var greenBgValueArray = newArray(width); //area is same as blue

open(path+thisName);
greenImageID=getImageID();
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rename("Green");
run("Tile");
substripHeight = height / nSubstrips;
//measure fat droplet strip
selectImage(greenImageID);//best find tissue using green channel
for(iStrips=0;iStrips<nSubstrips;iStrips++){
makeRectangle(0,substripHeight*iStrips,width,substripHeight);
meanVal=getValue("Mean");
substripVals[iStrips]=meanVal;

}
//four substrips: either upper 2 or lower 2 represent the tissue
topVal = substripVals[0]+substripVals[1] ;
bottomVal =  substripVals[2]+substripVals[3];
halfHeight = height/2;
yStart=halfHeight;
//decide if tissue is in the upper half or lower half of the image
//if in the lower half,  flip lower and top half
if(topVal < bottomVal){ //tissue is in the lower part, flip that part vertical, so tissue is in upper part
selectImage(greenImageID);
run("Select All");
run("Flip Vertically");

selectImage(blueImageID);
run("Select All");
run("Flip Vertically");

selectImage(dupGauss);
run("Select All");
run("Flip Vertically");
}
//the tissue edge is near the middle of the image.
//flip top half (containing tissue now) so tissue edge is at top of image; easier for for-loops.

selectImage(greenImageID);
makeRectangle(0,0,width,height/2);
run("Flip Vertically");

selectImage(blueImageID);
makeRectangle(0,0,width,height/2);
run("Flip Vertically");

selectImage(dupGauss);
makeRectangle(0,0,width,height/2);
run("Flip Vertically");

//first find the division line based on the blue signal. (Then measure foreground and background signals in both original images.)
//as selectImageID is very slow, don't measure whiledetecting the division line.
selectImage(dupGauss);
setBatchMode(true);
for(x = 0; x < width; x++){//walk the strip
makeRectangle(x,0,1,halfHeight);
max=getValue("Max");//highest value of the current strip
halfMax=max/2;
pv=0; //pixel value
y=-1; //want increment in loop, want exit value to be pointing at half max location
do{//find max position of column, there might be more?
y++;
pv = getPixel(x,y);

}while(y < halfHeight && pv < max);
while(y < halfHeight && pv > halfMax){ //walk downhill till half max in column
y++;
pv = getPixel(x,y);
}
//y points to the first position of the background 
//as gathered from the blue channel (= DNA intensity)
edgeArrayY[x] = y-1; //the foreground was left already, y points to first pixel of background, so edge should be one bak

while (y < halfHeight){//while loop needs to be here, if y == halfHeight skip this loop
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//walk down hill until end of image
pv = getPixel(x,y);
y++;
}
edgeArrayX[x]=x;
}

for(x = 0; x < width; x++){//set ROI to shape in original image
sigAreaArray[x] = edgeArrayY[x];//easiest moment to extract signal area
if(topVal > bottomVal){//flip  coordinates of signal rectangle wrt. top half
edgeArrayY[x] = halfHeight - edgeArrayY[x];
}else{//flip  coordinates of signal rectangle wrt. bottom half
edgeArrayY[x] = halfHeight + edgeArrayY[x];
}
edgeArrayX[x]=x;
}

selectImage(blueImageID);
//warning: using sigArea!
makeSelection("polyline",edgeArrayX,sigAreaArray);
//warning: used sigArea!
for(x = 0; x < width; x++){//set ROI to shape of original image
makeRectangle(x,sigAreaArray[x],1,halfHeight-sigAreaArray[x]);
blueBgValue=getValue("IntDen");
blueBgValueArray[x] = blueBgValue;

makeRectangle(x,0,1,sigAreaArray[x]);
blueSigValue=getValue("IntDen");
blueSigValueArray [x] = blueSigValue;
}

selectImage(greenImageID);
for(x = 0; x < width; x++){//set ROI to shape of original image
makeRectangle(x,sigAreaArray[x],1,halfHeight-sigAreaArray[x]);
greenBgValue=getValue("IntDen");
greenBgValueArray[x] = greenBgValue;

makeRectangle(x,0,1,sigAreaArray[x]);
greenSigVal=getValue("IntDen");
greenSigValueArray[x] = greenSigVal;
}
if(debugger){setBatchMode(false);debug;}

//flip back tissue edge to middle of image, so it resembles original again
selectImage(greenImageID);
makeRectangle(0,0,width,height/2);
run("Flip Vertically");

selectImage(blueImageID);
makeRectangle(0,0,width,height/2);
run("Flip Vertically");

selectImage(dupGauss);
makeRectangle(0,0,width,height/2);
run("Flip Vertically");
//if tissue was in lower half of image, restore by flipping entire image vertically
if(topVal < bottomVal){ //tissue is in the lower part, flip that part vertical, so tissue is in upper part
selectImage(greenImageID);
run("Select All");
run("Flip Vertically");

selectImage(blueImageID);
run("Select All");
run("Flip Vertically");

selectImage(dupGauss);
run("Select All");
run("Flip Vertically");
}
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//draw edge of signal
selectImage(blueImageID);
makeSelection("polyline",edgeArrayX,edgeArrayY);
selectImage(greenImageID);
makeSelection("polyline",edgeArrayX,edgeArrayY);
if(roiManager("count")>0){
roiManager("Deselect");
roiManager("Delete");
}
parent = File.getName(path);
roiManager("add");
roiManager("select",roiManager("count")-1);
roiManager("rename",parent);

roiManager("save",path+parent+"edge.roi");

fn = parent + "_normalised_"+greenSigValueArray.length+".csv";fn =  path + fn;
l=greenSigValueArray.length;
reportResults(fn,greenSigValueArray,greenBgValueArray,blueSigValueArray,blueBgValueArray,sigAreaArray,l);
fn = parent + "_normalised_"+"100"+".csv";fn =  path + fn;
reportResults(fn,greenSigValueArray,greenBgValueArray,blueSigValueArray,blueBgValueArray,sigAreaArray,100);
fn = parent + "_normalised_"+"10"+".csv";fn =  path + fn;
reportResults(fn,greenSigValueArray,greenBgValueArray,blueSigValueArray,blueBgValueArray,sigAreaArray,10);
close("*");
processedFiles++;
}
}
return processedFiles;
}
function reportResults(pfn,gs,gb,bs,bb,sa,normaliser){
chunk = floor(gs.length/normaliser);counter = 0;
gsx=0;gbx=0;bbx=0;sax=0;bsx=0;//running counters for normalising to normaliser values in output
run("Clear Results");
row = 0;
for(x=0;x<gs.length;x++){
gsx=gsx+gs[x];
gbx=gbx+gb[x];
bbx=bbx+bb[x];
sax=sax+sa[x];
bsx=bsx+bs[x];
counter ++;
if(counter >= chunk){
setResult("Green Signal",row,gsx);
setResult("Green Background",row,gbx);
setResult("Blue Background",row,bbx);
setResult("Signal Area",row,sax);
setResult("Blue Signal",row,bsx);
updateResults();
counter = 0;gsx=0;gbx=0;bbx=0;sax=0;bsx=0;
row++;
}
}
//export results
saveAs("results", pfn);
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