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Learn the Metric, Not the Deformation

Cross-modal histology—MRI registration with a 76k-parameter contrastive encoder: the similarity is learned once, the deformation is solved per pair.
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MAIN FINDING

Predicting the deformation is what fails

c
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across brains. Learn only the similarity =
metric and solve each pair’s warp on
the spot.
A 76k-parameter encoder reaches 1.47 mm landmark error with zero folding on
BigBrain, and transfers zero-shot to AHEAD brains it never saw — in 0.9 s per k5
- <
pair.
WHAT IS NEW
- A 76k fully-convolutional PatchNCE encoder used as a cross-modal similarity metric.
+ A velocity decoder used as an initial-condition predictor, not a deformation predictor.
A per-pair diffeomorphic optimiser: sub-affine TRE, zero folding, zero-shot transfer — all three at once.
DATA & TRAINING 8
Allen ds003590 Nissl 250 ym © 7T T2w 0.5 mm :
BigBrain donor histology 100 um < donor MRI a
AHEAD 122017 / 152017 thionin © quantitative Ri1, R2* — never trained on a
Landmarks BigBrain AFIDs, 32 in ICBM2009sym; 28- and 30-fiducial protocols =
Encoder objective PatchNCE 1t =0.07, 256 patches/img, other sites as hard negatives E
Augmentation paired-geometric (keeps correspondence) + independent-intensity (forces modality invariance)
Slice matching DINOv2 layer-7 features + DTW — zero matching error on test pairs

Fixed MRI - raw moving histology - warped histology over MRI - checkerboard. Boundaries stay continuous across every tile; detJ > 0 at every pixel. AHEAD
(thionin - quantitative R1) was never seen in training.

R 0.908 0.000: 0.077 76 « 0.9.

MEAN TRE - 28 AFIDS DICE FOLDED PIXELS MIND - AHEAD ZERO-SHOT ENCODER PARAMETERS PER PAIR - 122 MiB

+0.016 mm over 50 seeds; affine alone 1.87, CoMIR 1.85 overlap on par with the best rows — without their folding min det J 0.540 over 1,032,192 px, measured at inference TIRL-FFD 0.150, SynthByReg 0.309 on the same 32 slices 28x smaller than CoMIR; both networks frozen at test time one A100, no test-time training — only v is updated

12 methods, one protocol 3 datasets - 4 MRI contrasts 2 training brains, 2 never seen Wilcoxon p < 10~¢ (Holm) NMI 1.247 zero-shot det J > 0 at every pixel 192 x 192 working grid

R indusium griseum origin NG
R inferior AM temporal horn I EREGEGINGGE—
L superior AM temporal horn N ABLATION

§ = arg min, o — “nedmizsmm  \Why the decoder warm-start

measured outcome, not a guarantee.

THE PROBLEM BIGBRAIN - MRI - AFID PROTOCOL AHEAD - THIONIN -» QUANTITATIVE MRI
Why not predict the deformation? Lowest landmark error of 12 methods Zero-shot to brains never seen
AMORTISED (VoxelMorph, TransMorph, SynthByReg, multiGradICON ...) ours Py 1_5 47 . 0% ours 0.077
| i AHEAD R O o o
x_fix, x_mov warp predictor SEESEL GITe M ETERIY, Xia0 2019 { G1.77 ours 0.078 TIRL-FFD 0.150 SynthByReg 0.309
- - . N _ d) regulariser AND cost surface; : o .
new cohort 0¢-107 params, trained on cohort off-cohort it folds: SynthByReg 2.3 % CoMIR - : ‘; 1.85 . 2.88 % AHEAD R2 ® [ | o
- , o/ TIRL-FFD 0.119 SynthByReg 0.302
affine only ? 1.87 0 in-distribution range: Allen 0.050 - BigBrain 0.127
OURS learn the metric once, solve the warp per pair ANTs SyN : —@ 3.23 - 7.83 % 0.00 0.05 0.10 0.15 0.20 0.25 0.30
- SynthMorph - | L | ®©3.71 - o o MIND 4 on 32 AHEAD slices, weights unchanged
x_fix, x_mov E frozen solve v b [“0 defo;mat'O“Pf'Or c Ad : 4 09 | Out-of-distribution MIND lands inside the training-domain range; TIRL-FFD and
any pair 76k - RF 11 px Adam on this pair only Oezze;;:ﬁmc’ onvexadam | | ] | ® = ' T SynthByReg are 2—4x worse on the same slices (Wilcoxon p < 1076). NMI 1.247 / 1.240.
5 ( Ing .
SynthByReg - = - ® 4.40 2.32 %
! DICE VS LANDMARK ERROR - 10 METHODS
TransMorph - : ®4.93 - 7.75 % High Dice Wrong anatomy
. . . . . . i . : . 0/ 9
Scaling-and-squaring only approximates a diffeomorphism while the multiGradICON . ®5.47 3.15 %
velocity stays small relative to the grid. A predictor pushed out of TIRL-style FFD | affine alone ®5.89 - 0%
distribution leaves that regime — architectural intent is not a 0 1 2 3 4 5 6 o affine @ CoMiR ®-Ours
guarantee. mean TRE (mm) { 4 27
. . . : : = ~ANTs SyN
Red tears tissue, teal is fold-free; the second number is the folded fraction. Same = 8-S\t Moroh
OUR RECIPE . . pair, grid and AFID slices for every row. T literature value on the 30-fiducial set (ours: W 4 ®\ convexAdam yimmrormp @ SynthByReg
- . . = TransMorph
Frozen metric, per-pair solve 1.70 mm there) . ® ultiGradICoN
6 4
PER-LANDMARK ERROR : : : :
- - 0.7 0.8 0.9 1.0
s PER-PAIR INSTANCE OPTIMISATION — only v is updated multiGradICON tops Dice (0.972) with the worst TRE (5.47 mm) and 3 % folding.
MRI | e ra——— : " N 1 mm 2 mm Overlap rewards filling a silhouette; landmarks ask whether the same anatomy
=1-cos(T_w,T_TIX Intermammitiary SulCus - I I . _ : 0
FROZEN —:—.- " bend(v] : R LV at EE-, | i arrived. Marker area = folding %.
f_fix | 1 W -Adamir0.1 ¢} : R superior AM temporal horn HEEER— | | DIFFEOMORPHISM CHECK
AC - i
E : v | R inferior LMS I i Fold-free, measured — not assumed
76,576 params FROZEN | I £ | R olfactory sulcal funPdl\lfljg = | |
RF =~ 11 px D , y——" | genu of CC I | |
shared weights 147 842 | B ecn . | R MB I : folds median 1.003
' ¢ = exp(av), 2 | L indusium griseum origin = ! |
: i (empty) |— —C—
¥ | L MB ! |
[ warp R superior LMS NN : min 0.540 max 2.749
% MoV — | L olfactory sulcal fundus = | . . . . . .
e et | ¢ o x mov | LLVat PC | 0.0 0.5 1.0 1.5 2.0 2.5 3.0
&y xmov (full resolution) e e e ] o ESUDGIF'OZCLMS I det J (Jacobian determinant) - thick bar p1-p99 - pooled over 1,032,192 px
! warped histology in MRI space superior imerpe temporal horn N . | No pixel at det J < 0 over all 28 AFID slices; max ||v|| per squaring step 0.034 px. A

. R ventral occipital horn I 9 0f 28 < 1 mm
1 — cos( E(x fix), E(¢v > x mov)) +2 XA v|? plonum of ¢ E— 230128 <2mm
l . ol on N L inferior LMS 0.20
— learned cross-modal metric — bending energy, A = 10 L inferior AM temporal horn I il ‘Bra;
L' AL temporal horn | L, & plen - Dighrain - —=
0 1 2 3 4 g 0157 _o
E (3 x 3x3 conv, 64 ch, PatchNCE 1 = 0.07) scores local texture, not TRE (mm), mean * sd over 50 seeds =S .
global shape — that is what lets one metric cross brains and contrasts.  peep midline landmarks (AC, PC, intermammillary sulcus) land well under 1 mm; the ‘ o ~ with D: recovery > 91% - zero-velocity init: ~75 %
D only supplies vo: it lifts the optimiser out of the rotation local tail is cortical-margin and temporal-horn points, worst the L anterior temporal horn 0 - 22 ion ) 40
. 0 0 o ' A at 4.4 mm. Error bars are the seed spread. . ., In-planerotation . .
IMImmuin (recovery 75 % = 291 % up to 40 ). Trained J01nt1y on P The cosine surface has a local minimum at moderate rotation; D's ve lifts the
Allen + BigBrain, 10k steps, then frozen forever. optimiser out of it. Receptive-field variants (5—-33 px) were not significantly different
and are omitted.
TAKE HOME HONEST LIMITS SELECTED REFERENCES
) i . ) Xiao 2019 — BigBrain-MNI AFIDs
» 2D per-slice: deformations are not coupled across sections; a volumetric Amunts 2013 — BigBrain
Learn the metric, solve the warp. Accurate and fold-free at once. It transfers without retraining. extension with inter-slice regularisation is next. - Casamitjana 2021 — Allen / SynthByReg
* Presupposes an accurate global affine; the two posterior-fossa fiducials Pielawski 2020 — CoMIR
. the affine misses stay out of reach. Tian 2024 — multiGradICON
A frozen 76k-parameter contrastive encoder 1.47 mm mean TRE on 28 AFIDs — below the Zero-shot AHEAD MIND 0.077 lands between TETEAD) . e , Hoffmann 2022 — SynthMorph
: . . .. . : 0 evidence is image-similarity only; landmark tests rest on one o
gives the cost surface; Adam solves v for each affine (1.87) and every deformable baseline — the two training sets; foundation models with ol Come (i ee), Heinrich 2012 — MIND
pair in 0.9 s. Nothing about the deformation is with 0.000 % folding measured at inference. 107 parameters do worse on this protocol. FCEES 2SO R G
amortised. Balakrishnan 2019 — VoxelMorph / VecInt

Rohlfing 2012 — overlap # accuracy
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