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Supplementary 17

criterion ’iou’
thresh 0.3

fp 1050
tp 2318
fn 9989

precision 0.6882422802850356
recall 0.18834809458032015

accuracy 0.17354196301564723
f1 0.295757575757575

n_true 12307
n_pred 3368

mean_true_score 0.12096721451404742
mean_matched_score 0.6422534551442544

panoptic_quality 0.1899513249153916
by_image False

Supplementary Table S 1: Dataset matching values based on the intersection of
union (iou) parameter.
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Supplementary 28

runPlugin ( ’ qupath . imagej . de t e c t . c e l l s . WatershedCel lDetect ion ’ ,9

’{" de t e c t i on ImageBr i gh t f i e l d " :" Hematoxylin OD" ,10

"backgroundByReconstruction " : true ,11

"backgroundRadius " : 1 5 . 0 ,12

"medianRadius " : 0 . 0 ,13

"sigma " : 6 . 0 ,14

"minArea " : 1 0 0 . 0 ,15

"maxArea " : 1 000 . 0 ,16

" th re sho ld " : 0 . 0 5 ,17

"maxBackground " : 2 . 0 ,18

"watershedPostProcess " : true ,19

"excludeDAB " : f a l s e ,20

" ce l lExpans ion " : 0 . 0 ,21

" in c ludeNuc l e i " : true ,22

" smoothBoundaries " : true ,23

"makeMeasurements " : t rue } ’ )24

s e tD e t e c t i o n I n t e n s i t yC l a s s i f i c a t i o n s (25

"Nucleus : DAB OD mean" , 3)26

s e l e c tOb j e c t sByC l a s s i f i c a t i o n (" Negative " ) ;27

c l e a rS e l e c t edOb j e c t s ( t rue ) ;28

c l e a rS e l e c t edOb j e c t s ( ) ;29

.30

Supplementary Code 1: QuPath Groovy script used for the cell detection, the

classification based on the intensity of staining with DAB, and the subsequent

cleaning of the detections to obtain a mask that only highlights positive cells.
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Supplementary 331

32

from goog l e . co lab import d r i ve33

dr ive . mount ( ’/ content / dr ive ’ )34

35

! pip i n s t a l l S tarDi s t36

37

! pip i n s t a l l gputoo l s38

39

! pip i n s t a l l s c i k i t −tensor−py340

41

42

# Commented out IPython magic to ensure Python compa t i b i l i t y .43

from __future__ import pr int_funct ion ,44

un i c ode_ l i t e r a l s , absolute_import , d i v i s i o n45

import sys46

import numpy as np47

import matp lo t l i b48

matp lo t l i b . rcParams [ " image . i n t e r p o l a t i o n " ] = "None"49

import matp lo t l i b . pyplot as p l t50

# %matp lo t l i b i n l i n e51

# %con f i g In l ineBackend . f igure_format = ’ r e t ina ’52

53

from glob import g lob54

from tqdm import tqdm55

from t i f f f i l e import imread56

from csbdeep . u t i l s import Path , normal ize , download_and_extract_zip_file57
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58

from s t a r d i s t import f i l l_ l ab e l_ho l e s ,59

random_label_cmap , ca l cu la t e_extent s , gputoo l s_ava i l ab l e60

from s t a r d i s t . matching import matching , matching_dataset61

from s t a r d i s t . models import Config2D , StarDist2D , StarDistData2D62

63

np . random . seed (42)64

lbl_cmap = random_label_cmap ( )65

66

gputoo l s_ava i l ab l e ( )67

68

69

! unzip / content / dr i v e /MyDrive/HE_p60_stardist/70

images_masks_0909 . z ip −d / content /data71

72

X = sor t ed ( g lob ( ’/ content /data/images_masks_0909 /∗ . t i f ’ ) )73

Y = sor t ed ( g lob ( ’/ content /data/masks /∗ . t i f ’ ) )74

a s s e r t a l l ( Path (x ) . name==Path (y ) . name f o r x , y in z ip (X,Y) )75

76

X = l i s t (map( imread ,X) )77

Y = l i s t (map( imread ,Y) )78

n_channel = 1 i f X [ 0 ] . ndim == 2 e l s e X [ 0 ] . shape [ −1]79

80

""" Normalize images and f i l l smal l l a b e l ho l e s ."""81

82

axis_norm = (0 ,1 ) # normal ize channe l s independent ly83

# axis_norm = (0 , 1 , 2 ) # normal ize channe l s j o i n t l y84
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i f n_channel > 1 :85

pr in t (" Normal iz ing image channe l s %s . " %86

( ’ j o i n t l y ’ i f axis_norm i s None or 2 in axis_norm e l s e ’ independent ly ’ ) )87

sys . s tdout . f l u s h ( )88

89

X = [ normal ize (x , 1 , 9 9 . 8 , ax i s=axis_norm ) f o r x in tqdm(X) ]90

Y = [ f i l l_ l a b e l_ho l e s ( y ) f o r y in tqdm(Y) ]91

92

""" Sp l i t i n to t r a i n and va l i d a t i o n da ta s e t s ."""93

94

a s s e r t l en (X) > 1 , "not enough t r a i n i n g data"95

rng = np . random . RandomState (42)96

ind = rng . permutation ( l en (X) )97

n_val = max(1 , i n t ( round (0 . 15 ∗ l en ( ind ) ) ) )98

ind_train , ind_val = ind [: −n_val ] , ind [−n_val : ]99

X_val , Y_val = [X[ i ] f o r i in ind_val ] , [Y[ i ] f o r i in ind_val ]100

X_trn , Y_trn = [X[ i ] f o r i in ind_train ] , [Y[ i ] f o r i in ind_train ]101

pr in t ( ’ number o f images : %3d ’ % len (X) )102

pr in t ( ’− t r a i n i n g : %3d ’ % len (X_trn ) )103

pr in t ( ’− va l i d a t i o n : %3d ’ % len (X_val ) )104

105

""" Train ing data c o n s i s t s o f p a i r s o f input image and l a b e l i n s t an c e s ."""106

107

de f plot_img_label ( img , l b l , img_t i t l e="image " , l b l _ t i t l e=" l a b e l " , ∗∗kwargs ) :108

f i g , ( ai , a l ) = p l t . subp lo t s (1 , 2 , f i g s i z e =(12 ,5) , gridspec_kw=109

d i c t ( width_rat ios =(1 .25 ,1 ) ) )110

im = a i . imshow ( img , cmap=’gray ’ , c l im =(0 ,1))111

6



a i . s e t_ t i t l e ( img_t i t l e )112

f i g . c o l o rba r ( im , ax=a i )113

a l . imshow ( lb l , cmap=lbl_cmap )114

a l . s e t_ t i t l e ( l b l _ t i t l e )115

p l t . t ight_layout ( )116

117

i = min (9 , l en (X)−1)118

img , l b l = X[ i ] , Y[ i ]119

a s s e r t img . ndim in (2 , 3 )120

img = img i f ( img . ndim==2 or img . shape [−1]==3) e l s e img [ . . . , 0 ]121

plot_img_label ( img , l b l )122

None ;123

124

"""# Conf igurat ion125

126

A ‘ StarDist2D ‘ model i s s p e c i f i e d v ia a ‘ Config2D ‘ ob j e c t .127

"""128

129

pr in t ( Config2D .__doc__)130

131

# 32 i s a good de f au l t cho i c e ( s ee 1_data . ipynb )132

n_rays = 32133

134

# Use OpenCL−based computations f o r data generator during t r a i n i n g ( r e qu i r e s ’ gputools ’ )135

use_gpu = True and gputoo l s_ava i l ab l e ( )136

137

# Pred ic t on subsampled g r id f o r i n c r ea s ed e f f i c i e n c y and l a r g e r f i e l d o f view138
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g r id = (2 , 2 )139

140

conf = Config2D (141

n_rays = n_rays ,142

g r id = grid ,143

use_gpu = use_gpu ,144

n_channel_in = n_channel ,145

)146

pr in t ( conf )147

vars ( conf )148

149

i f use_gpu :150

from csbdeep . u t i l s . t f import limit_gpu_memory151

# adjus t as nece s sa ry : l im i t GPU memory to be used by TensorFlow to l eave some to OpenCL−based computations152

#limit_gpu_memory ( 0 . 8 )153

# a l t e r n a t i v e l y , t ry t h i s :154

limit_gpu_memory (None , allow_growth=True )155

156

"""∗∗Note :∗∗ The t ra ined ‘ StarDist2D ‘ model w i l l ∗not∗ p r ed i c t completed shapes f o r p a r t i a l l y v i s i b l e ob j e c t s at the image boundary i f ‘ train_shape_completion=False ‘ ( which i s the d e f au l t opt ion ) . """157

158

model = StarDist2D ( conf , name=’ stard ist_1009 ’ , ba s ed i r =’/ content /model ’ )159

160

"""Check i f the neura l network has a l a r g e enough f i e l d o f view to see up to the boundary o f most ob j e c t s ."""161

162

model . c a l l b a ck s . append ( ea r l y s t op )163

164

median_size = ca l cu l a t e_ext en t s ( l i s t (Y) , np . median )165
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fov = np . array ( model . _axes_ti le_overlap ( ’YX’ ) )166

pr in t ( f "median ob j e c t s i z e : {median_size }")167

pr in t ( f "network f i e l d o f view : { fov }")168

i f any ( median_size > fov ) :169

pr in t ("WARNING: median ob j e c t s i z e l a r g e r than f i e l d o f view o f the neura l network . " )170

171

"""# Data Augmentation172

173

You can de f i n e a func t i on / c a l l a b l e that app l i e s augmentation to each batch o f the data genera tor .174

We here use an ‘ augmenter ‘ that app l i e s random ro ta t i on s , f l i p s , and i n t e n s i t y changes , which are t y p i c a l l y s e n s i b l e f o r (2D) microscopy images ( but you can d i s ab l e augmentation by s e t t i n g ‘ augmenter = None ‘ ) .175

"""176

177

de f random_fl iprot ( img , mask ) :178

a s s e r t img . ndim >= mask . ndim179

axes = tup l e ( range (mask . ndim ) )180

perm = tup l e (np . random . permutation ( axes ) )181

img = img . t ranspose (perm + tup l e ( range (mask . ndim , img . ndim ) ) )182

mask = mask . t ranspose (perm)183

f o r ax in axes :184

i f np . random . rand ( ) > 0 . 5 :185

img = np . f l i p ( img , ax i s=ax )186

mask = np . f l i p (mask , ax i s=ax )187

re turn img , mask188

189

de f random_intensity_change ( img ) :190

img = img∗np . random . uniform ( 0 . 6 , 2 ) + np . random . uniform ( −0 .2 ,0 .2 )191

re turn img192
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193

194

de f augmenter (x , y ) :195

"""Augmentation o f a s i n g l e input / l a b e l image pa i r .196

x i s an input image197

y i s the cor re spond ing ground−t ruth l a b e l image198

"""199

x , y = random_fl iprot (x , y )200

x = random_intensity_change (x )201

# add some gauss ian no i s e202

s i g = 0.02∗np . random . uniform (0 , 1 )203

x = x + s i g ∗np . random . normal (0 , 1 , x . shape )204

re turn x , y205

206

# plo t some augmented examples207

img , l b l = X[ 6 0 ] ,Y[ 6 0 ]208

plot_img_label ( img , l b l )209

f o r _ in range ( 3 ) :210

img_aug , lbl_aug = augmenter ( img , l b l )211

plot_img_label ( img_aug , lbl_aug , img_t i t l e="image augmented " , l b l _ t i t l e=" l a b e l augmented ")212

213

"""# Train ing """214

215

import t en so r f l ow as t f216

217

reduce_lr = t f . keras . c a l l b a c k s . ReduceLROnPlateau ( monitor=’ val_loss ’ , f a c t o r =0.2 ,218

pat i ence =5, min_lr=0.001)219
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’ ’ ’220

e a r l y s t op = t f . keras . c a l l b a c k s . EarlyStopping (221

monitor="va l_los s " ,222

min_delta =0.01 ,223

pat i ence =20,224

verbose =1,225

mode="auto " ,226

ba s e l i n e=None ,227

restore_best_weights=True ,228

start_from_epoch=100 ,229

)230

#model . t r a i n (X_trn , Y_trn , c a l l b a c k s =[ reduce_lr ] )231

’ ’ ’232

233

model . prepare_for_tra in ing ( )234

235

model . c a l l b a ck s . append ( reduce_lr )236

237

238

# Commented out IPython magic to ensure Python compa t i b i l i t y .239

# %load_ext tensorboard240

# %tensorboard −− l o g d i r / content /model/ s tard i s t_1009 / l o g s /241

242

! pip i n s t a l l pyopencl243

244

’ ’ ’245

quick_demo = False246
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247

i f quick_demo :248

pr in t (249

"NOTE: This i s only f o r a quick demonstrat ion ! \ n"250

" Please s e t the va r i ab l e ’ quick_demo = False ’ f o r proper ( long ) t r a i n i n g . " ,251

f i l e=sys . s tde r r , f l u s h=True252

)253

model . t r a i n (X_trn , Y_trn , va l idat ion_data=(X_val , Y_val ) , augmenter=augmenter ,254

epochs=2, steps_per_epoch=10)255

256

pr in t("====> Stopping t r a i n i n g and load ing p r ev i ou s l y t r a in ed demo model from di sk . " , f i l e=sys . s tde r r , f l u s h=True )257

model = StarDist2D . from_pretrained ( ’2D_demo’ )258

e l s e :259

model . t r a i n (X_trn , Y_trn , va l idat ion_data=(X_val , Y_val ) , augmenter=augmenter , epochs=100 , steps_per_epoch=100)260

None ;261

’ ’ ’262

263

model . t r a i n (X_trn , Y_trn , va l idat ion_data=(X_val , Y_val ) , augmenter=augmenter , epochs=800 , steps_per_epoch=100)264

265

266

model . opt imize_thresho lds (X_val , Y_val )267

268

help ( matching )269

270

Y_val_pred = [ model . p r ed i c t_ in s tance s (x , n_t i l e s=model . _guess_n_tiles ( x ) , show_ti le_progress=False ) [ 0 ]271

f o r x in tqdm(X_val ) ]272

273
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plot_img_label (X_val [ 1 0 ] , Y_val [ 1 0 ] , l b l _ t i t l e=" l a b e l GT")274

plot_img_label (X_val [ 1 0 ] , Y_val_pred [ 1 0 ] , l b l _ t i t l e=" l a b e l Pred ")275

276

taus = [ 0 . 1 , 0 . 2 , 0 . 3 , 0 . 4 , 0 . 5 , 0 . 6 , 0 . 7 , 0 . 8 , 0 . 9 ]277

s t a t s = [ matching_dataset (Y_val , Y_val_pred , thresh=t , show_progress=False ) f o r t in tqdm( taus ) ]278

279

s t a t s [ taus . index ( 0 . 3 ) ]280

281

f i g , ( ax1 , ax2 ) = p l t . subp lo t s (1 , 2 , f i g s i z e =(15 ,5))282

283

f o r m in ( ’ p r e c i s i on ’ , ’ r e c a l l ’ , ’ accuracy ’ , ’ f1 ’ , ’ mean_true_score ’ , ’mean_matched_score ’ , ’ panopt ic_qual i ty ’ ) :284

ax1 . p l o t ( taus , [ s . _asdict ( ) [m] f o r s in s t a t s ] , ’ . − ’ , lw=2, l a b e l=m)285

ax1 . s e t_x labe l ( r ’ IoU thre sho ld $\tau$ ’ )286

ax1 . s e t_y labe l ( ’ Metric value ’ )287

ax1 . g r id ( )288

ax1 . l egend ( )289

290

f o r m in ( ’ fp ’ , ’ tp ’ , ’ fn ’ ) :291

ax2 . p l o t ( taus , [ s . _asdict ( ) [m] f o r s in s t a t s ] , ’ . − ’ , lw=2, l a b e l=m)292

ax2 . s e t_x labe l ( r ’ IoU thre sho ld $\tau$ ’ )293

ax2 . s e t_y labe l ( ’Number #’)294

ax2 . g r id ( )295

ax2 . l egend ( ) ;296

Supplementary 4297

298

Config2D (n_dim=2, axes=’YXC’ , n_channel_in=3, n_channel_out=33, t ra in_checkpoint=’weights_best . h5 ’ , t ra in_checkpo int_last=’we ights_last . h5 ’ , train_checkpoint_epoch=’weights_now . h5 ’ , n_rays=32, g r id =(2 , 2 ) , backbone=’unet ’ , n_c lasses=None , unet_n_depth=3, unet_kernel_size =(3 , 3 ) , unet_n_fi lter_base=32, unet_n_conv_per_depth=2, unet_pool=(2 , 2 ) , unet_act ivat ion=’ re lu ’ , unet_last_act ivat ion=’ re lu ’ , unet_batch_norm=False , unet_dropout =0.0 , unet_pref ix = ’ ’ , net_conv_after_unet=128 , net_input_shape=(None , None , 3 ) , net_mask_shape=(None , None , 1 ) , train_shape_completion=False , train_completion_crop=32, tra in_patch_size =(256 , 256) , train_background_reg =0.0001 , train_foreground_only =0.9 , train_sample_cache=True , t r a in_d i s t_ lo s s =’mae ’ , t ra in_loss_weights =(1 , 0 . 2 ) , t ra in_class_weights =(1 , 1 ) , tra in_epochs =800 , train_steps_per_epoch=100 , t ra in_learn ing_rate =0.0003 , tra in_batch_size=4, train_n_val_patches=None , t ra in_tensorboard=True , tra in_reduce_lr={’ f a c to r ’ : 0 . 5 , ’ pat ience ’ : 40 , ’ min_delta ’ : 0} , use_gpu=True )299
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{ ’n_dim ’ : 2 ,300

’ axes ’ : ’YXC’ ,301

’ n_channel_in ’ : 3 ,302

’ n_channel_out ’ : 33 ,303

’ t ra in_checkpoint ’ : ’ weights_best . h5 ’ ,304

’ t ra in_checkpoint_last ’ : ’ we ights_last . h5 ’ ,305

’ train_checkpoint_epoch ’ : ’ weights_now . h5 ’ ,306

’ n_rays ’ : 32 ,307

’ gr id ’ : (2 , 2 ) ,308

’ backbone ’ : ’ unet ’ ,309

’ n_classes ’ : None ,310

’ unet_n_depth ’ : 3 ,311

’ unet_kernel_size ’ : (3 , 3 ) ,312

’ unet_n_filter_base ’ : 32 ,313

’ unet_n_conv_per_depth ’ : 2 ,314

’ unet_pool ’ : (2 , 2 ) ,315

’ unet_act ivat ion ’ : ’ r e lu ’ ,316

’ unet_last_act ivat ion ’ : ’ r e lu ’ ,317

’ unet_batch_norm ’ : False ,318

’ unet_dropout ’ : 0 . 0 ,319

’ unet_pref ix ’ : ’ ’ ,320

’ net_conv_after_unet ’ : 128 ,321

’ net_input_shape ’ : (None , None , 3 ) ,322

’ net_mask_shape ’ : (None , None , 1 ) ,323

’ train_shape_completion ’ : False ,324

’ train_completion_crop ’ : 32 ,325

’ tra in_patch_size ’ : (256 , 256) ,326
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’ train_background_reg ’ : 0 . 0001 ,327

’ train_foreground_only ’ : 0 . 9 ,328

’ train_sample_cache ’ : True ,329

’ t ra in_di s t_los s ’ : ’mae ’ ,330

’ t ra in_loss_weights ’ : (1 , 0 . 2 ) ,331

’ t ra in_class_weights ’ : (1 , 1 ) ,332

’ train_epochs ’ : 800 ,333

’ train_steps_per_epoch ’ : 100 ,334

’ t ra in_learn ing_rate ’ : 0 . 0003 ,335

’ tra in_batch_size ’ : 4 ,336

’ train_n_val_patches ’ : None ,337

’ t ra in_tensorboard ’ : True ,338

’ tra in_reduce_lr ’ : { ’ f a c to r ’ : 0 . 5 , ’ pat ience ’ : 40 , ’ min_delta ’ : 0} ,339

’ use_gpu ’ : True}340
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