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Abstract
Ceftriaxone is a widely used antibiotic because to its broad-spectrum gram-negative coverage, safety, and biological half life 
(5–9 h) permit dose once-daily administration. It is specifically used in pediatric patients in developing countries. Ceftri-
axone forms insoluble sludge/stone when combined with calcium in the urinary system. In this study, Ceftriaxone induced 
sludge/stones from pediatric patients were collected to identify its microstructure and composition to gather insights into the 
mechanism of Ceftriaxone induced sludge/stone formation. The results illustrated that Ceftriaxone induced stones formed 
rapidly following antibiotic administration. Ceftriaxone calcium salt crystals could easily be broken with minimal interven-
tion. However, Ceftriaxone combined with calcium phosphate formed an insoluble stone aggregate.
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Introduction

Ceftriaxone, a third-generation cephalosporin with broad-
spectrum gram-negative coverage is a commonly used anti-
biotic in pediatric patients, especially due to its safety and 
prolonged biological half life (5–9 h). The vast majority 
(67%) of administrated  Ceftriaxone is excreted in urine [1]; 
the remaining drug is excreted through the biliary system. 
The solubility of  Ceftriaxone, however, decreases when 

combined with calcium, and thus can form urinary stones 
[2].

Ceftriaxone induced stones are rarely reported. Ceftriax-
one can form sludge/stone in both the biliary (gallbladder) 
and urinary systems. Ceftriaxone calcium salt sludge forma-
tion has been studied in vitro with artificial urine or calcium 
chloride solution in distilled water [3]. The mechanism of 
Ceftriaxone calcium salt stone formation however remains 
unclear. Ceftriaxone calcium salt sludge aggregation with 
a rapid growth rate is an essential prerequisite to stone for-
mation. In urologic interventions, Ceftriaxone calcium salt 
sludge is more commonly observed. In this study, structure 
and elemental compositions of Ceftriaxone induced sludge 
and intact stones were analyzed to gather insights into the 
mechanism of stone formation. The structures of sludge/
stones obtained from patients were compared with cal-
cium Ceftriaxone crystals in vitro. It is hypothesized that 
the structural and elemental analyses provide evidence that 
calcium phosphate promotes aggregation of Ceftriaxone 
calcium sludge and consequently forms Ceftriaxone stones.

Materials and methods

A. Surgical retrieval of Ceftriaxone stone
Protocols were approved by the ethics committee of 
Beijing Friendship Hospital (No. 2015-P2-012-01). All 
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methods were conducted in accordance with guidelines 
and regulations of the approved protocol. Five pediat-
ric urinary Ceftriaxone sludge/stone specimens were 
obtained from five patients that either spontaneously 
passed the stones or were retrieved with transurethral 
4.5/6.5Fr semi-rigid ureteroscopy manipulation. A guide-
wire was advanced, and was repeatedly moved up and 
down to loosen or break the sludge/stone during ureter-
oscopy manipulation. Poststone manipulation was per-
formed by placing a double J stent over a guidewire and 
into the renal pelvis, passing the previous obstruction 
site where the stone was lodged. The double J stent was 
removed in a routine fashion 2–4 weeks after Ceftriaxone 
sludge/stone manipulation. Pediatric calcium oxalate and 
adult calcium phosphate stones were also collected dur-
ing percutaneous nephrolithotomy procedure to compare 
their structure and elemental composition with those of 
Ceftriaxone stone.
The anatomical location of Ceftriaxone stone and the size 
of the stone were documented preoperatively by noncon-
trast helical clinical CT scans. Patient characteristics 
including age, gender, comorbidities, and hospital course 
were recorded. Routine stone composition was analyzed 
by Fourier transform infrared spectroscopy (FTIR; LIIR 
type, Lambda, China) to determine predominant stone 
components after specimen collection.
B. In vitro calcium Ceftriaxone crystal formation
Calcium chloride (Cacl2, C1016, Sigma, St. Louis, MO) 
and Ceftriaxone sodium (Rocephin for injection, Roche) 
were used without further purification. All solutions 
were prepared using deionized water. Calcium chloride 
and Ceftriaxone sodium solutions were mixed with 1:1 
molar ratio. The mixed solution was dried on a glass slide 
in an incubator at 37 °C.
C. Mineral density and structure analyses of stones 
with micro-X-ray computed tomography (micro-CT)
Intact stone specimens were scanned at 40 kVp peak volt-
age and at 4X magnification using micro-X-ray computed 
tomography (Micro-XCT 200, Carl Zeiss Microscopy, 
Pleasanton, California). Mineral densities were calculated 
following a detailed calibration protocol of the micro-CT 
[4, 5]. Mineral density analyses were undertaken using 
 AVIZO® software (9.0.2, FEI, Hillsboro, Oregon). Higher 
and lower mineral density regions were segmented using 
intensity-based contrast algorithm.
D. Scanning electron microscopy and energy-disper-
sive X-ray spectroscopy
Stone specimens was embedded in LR-white resin (Elec-
tron Microscopy Science, Hatfield, Pennsylvania) and cut 
into two halves along the long-axis of the stone using a 
slow-speed saw (Isomet, Buehler, Lake Bluff, Illinois). 
The cut surfaces were polished using silicon carbide grit 
paper (sizes 800,1200, Carbimet Paper Strips, Buehler 

Ltd, Lake Bluff, IL, USA) [6, 7]. They were then imaged 
with micro-CT, stereo light microscope (BX51, Olym-
pus Scientific Solutions Americas Crop. Waltham, MA, 
USA) and a field emission scanning electron microscope 
(SEM) at 1.0KeV (Sigma VP 500, Carl Zeiss Micros-
copy, Pleasanton, CA, USA) to visualize and compare 
different structures at various magnifications. Elemental 
composition was analyzed with energy-dispersive X-ray 
spectroscopy (Bruker Nano Inc., Madison, WI., USA) at 
an energy of 15 keV.
E. X-ray absorption spectroscopy (XAS) and X-ray 
fluorescence spectroscopy microprobe (XRF)
Elemental maps and sulfur K-edge X-ray absorption spec-
tra were collected using a Vortex silicon drift detector 
at beamline 14–3 at the Stanford Synchrotron Radiation 
Laboratory. The energy scale was calibrated with refer-
ence to the energy peak of the sodium thiosulfate stand-
ard.
Sectioned stone specimens were placed inside an ion-
filled chamber. Elemental maps of phosphorus and sulfur 
were collected at 2.5 keV. Sulfur K-edge X-ray absorption 
spectra were acquired from selected regions with differ-
ent sulfur intensities in the specimen with a beam size 
of ~ 5 × 5 μm. Spectra corresponding to higher, medium, 
and lower sulfur contents were collected.
X-ray fluorescence data were analyzed using Sam’s 
Microanalysis Toolkit (SMAK). Sulfur K-edge X-ray 
absorption spectra were normalized and averaged using 
SIXPACK data processing software.

Results

A. Ceftriaxone stone surgical intervention 
and outcome

Ceftriaxone stones were extracted from five pediat-
ric patients (male:4; female:1) Patient age ranged from 
6-months to 13 years. Each patient had a short history of 
Ceftriaxone treatment prior to acute onset of Ceftriaxone 
sludge/stone. Ceftriaxone, in general is used to treat pneu-
monia, dermatomyositis with pneumonia, lymphadeni-
tis, postspinal nerve root resection and postcircumcision 
(Table 1).

Ceftriaxone was used from 3 to 7 days. Patients were pre-
sented with unilateral stones (n = 2) while others presented 
in a bilateral fashion (n = 3). Acute renal failure developed 
within three days after the use of Ceftriaxone in one patient 
(Table 1). A representative noncontrast helical computed 
tomography scans of a 6-month male pediatric patient 
revealed bilateral nephrolithiasis (Fig. 1a). The value of a 
nonenhanced CT Ceftriaxone induced stone image in our 
data was about 191–251 Hounsfield units. A representative 
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transverse CT image of a 2-year old patient revealed a left 
ureter stone resulting in severe hydronephrosis (Fig. 1b). 
Free floating sludge in the bladder was identified during 
cystoscopy in all cases (Fig. 1c-i) and became more pro-
nounced after guidewire manipulation and double J-stent 
insertion (Fig. 1). Stone/sludge specimens were dried prior 
to FTIR analyses; Ceftriaxone was identified in all speci-
mens (Fig. 1d). Double J stents were removed 2–4 weeks 
after stone manipulation. Renal function was within normal 
level in all cases with an one-year follow-up.

B. Structural and mineral density analyses 
of Ceftriaxone stone in comparison with pediatric 
calcium oxalate and adult calcium phosphate stones

Stone shape, structure, and color of Ceftriaxone stones were 
markedly different compared to calcium oxalate and calcium 
phosphate stones when viewed with a light microscope. Cef-
triaxone stones were uniquely pink, with rough surfaces and 
multiple voids were observed within its structure. Markedly 
increased internal voids were appreciated with micro-CT 
images when compared to pediatric calcium oxalate and 
adult calcium phosphate stones (Fig. 2a-f). Average mineral 
densities of Ceftriaxone, calcium oxalate, and calcium phos-
phate stones were 423 ± 122, 1274 ± 95, 2005 ± 187 mg/cc, 
respectively. On average, the mineral density of Ceftriaxone 
stones was lower, but contained ring-like regions of higher 
mineral densities (650–1000 mg/cc) specifically closer to the 
stone surface [Fig. 2d].

C. Structural analysis using scanning electron 
microscopy (SEM) and elemental analysis using 
an energy‑dispersive X‑ray spectroscopy (EDX)

Ceftriaxone stone structure was fragile. Numerous spheri-
cal structures from 60 to 100 μm in diameter were seen on 

the surface (Fig. 3a). A large number of honeycomb-like 
structures also were observed between these spheres; the 
honeycomb structures were radially oriented (Fig. 3b). By 
correlating electron and X-ray micrographs, smaller spheroi-
dal structures (diameter ~ 2 μm) were observed in the higher 
mineral density regions of the Ceftriaxone stone. These 
spherical structures were observed in the vicinity of hon-
eycomb structures all of which were integral to the internal 
architecture of Ceftriaxone stones (Fig. 3c).

Hemispherical mineral (Fig.  4) structures contained 
higher levels of carbon and sulfur, and lower levels of oxy-
gen and calcium. No sodium was observed. The atomic per-
centage ratio of sulfur to calcium was about 2.5:1 (Fig. 4a). 
Carbon and oxygen components in the honeycomb areas 
(Fig. 3b) were similar to those found in the hemispherical 
mineral. The sulfur to calcium ratio, however, was increased 
to a ratio of 3.2:1 (Fig. 4b). The higher mineral density 
regions (Fig. 3c) containing the very small spherical miner-
als had higher phosphorus, and ratio of sulfur to calcium 
was reduced to 1:7.1. Interestingly, in this region the cal-
cium atomic percentage was elevated to 10.14 compared 
to hemispherical regions (Fig. 4a) at 2.51 and arrow-like 
regions (Fig. 4b) with 2.98. The calcium and phosphorus 
ratio was 1.68:1, which is close to the Ca/P atomic ratio of 
hydroxyapatite (Fig. 4c).

D. Sulfur and phosphorus maps using microprobe 
X‑ray fluorescence spectroscopy

Sulfur and phosphorus maps using XRF microprobe illus-
trated different spatial distributions of sulfur (intensity 
ranges: 0–1793) and phosphorus (0–203) within a stone 
[Fig. 5a]. Higher intensity of sulfur region was segmented 
using a threshold value > 1000 counts (Fig. 5b, c). Higher 
intensity of phosphorus region was segmented using thresh-
old values > 50 counts (Fig. 5b, c). XAS spectra at three 

Table 1  Clinical information for patients administered with Ceftriaxone

( −): Limited resolution and unable to retrieve stone size data in noncontrast helical computed tomography report
SCr Serum Creatinine

Gender Age (month) Diagnosis and cause for medication Ceftriaxone 
treatment(days)

Clinical symptoms Stone location Stone size(cm)

Male 6 Pneumonia 4 Anuria, renal colic Bilateral kidney,
Left ureter

0.2–0.5

Female 24 Pneumonia/Dermatomyositis 5 renal colic Left ureter 0.3
Male 49 Postspinal nerve root resection 7 Anuria

SCr:200umol/L
Bilateral ureter –

Male 146 Acute lymphadenitis 6 renal colic, abdominal
pain

Right ureter 0.5

Male 159 Postcircumcision 3 Anuria
renal colic, acute renal failure
SCr:663umol/L

Bilateral ureter –
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Fig. 1  Clinical and chemical 
characteristics of Ceftriaxone 
stones. a Coronal and X-ray 
tomograms (left and middle), 
and volume rendered 3D image 
reconstructed (right) from X-ray 
tomograms of a 6-month male 
infant; white boxes reveal a 
stone in the right kidney and 
multiple stones in left kidney. 
b X-ray tomograms of female 
toddler with left hydrone-
phrosis associated with an 
occluded upper ureteral stone. 
c Endoscopic images. Note the 
presence of floating sludge in 
the bladder (C-I). Inserted guide 
wires can be seen in the right 
ureteral orifice (C-II). Inserted 
stent can be seen in right ureter 
(C-III). d Fourier transform 
infrared spectrum of Ceftriax-
one stone is shown
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Fig. 2  Structural and mineral 
density analyses of Ceftriaxone 
in comparison with calcium 
oxalate and calcium phosphate 
stones. a–c Light microscopy 
of intact (left) and cross section 
(right) of Ceftriaxone, calcium 
oxalate, and calcium phosphate 
specimens are shown. d–f Cross 
sections of Ceftriaxone, calcium 
oxalate, and calcium phosphate 
stones illustrate the mineral 
density variation (Ceftriaxone: 0 
to 1000 mg/cc; calcium oxalate: 
0 to 2500 mg/cc; calcium phos-
phate: 0 to 3000 mg/cc) that 
corresponds to black to grey to 
white regions (left). Segmented 
mineral density regions of 
lower (Ceftriaxone: blue, 
150–650 mg/cc; calcium oxa-
late: 300–1400 mg/cc; calcium 
phosphate: 300–1600 mg/cc) 
and higher (Ceftriaxone: red, 
650–1000 mg/cc; calcium oxa-
late: 1400–2500 mg/cc; calcium 
phosphate: 1600–3089 mg/cc) 
ranges are shown in representa-
tive CT-slices from respective 
stones (right)
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Fig. 3  Structural analyses 
imaged with a scanning electron 
microscope of Ceftriaxone 
stones. a The surface of 
Ceftriaxone stone was fragile 
and rough with large number 
of protruded hemispherical 
structures. The surface of the 
hemispherical structure was 
loose and fragile. Higher magni-
fication illustrates honeycomb-
like structure inside the spheres. 
b Arrow-like mineral edges 
were a part of the honeycomb-
like structure (white boxes) and 
linked the inside architecture 
to the surface of the stone. c 
The higher mineral density 
regions of the stone (white layer 
in white box) illustrates many 
small spherical aggregates all of 
which were found to be adhered 
to the surface of the stone
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Fig. 4  Spot elemental composi-
tion analyses of Ceftriaxone 
stone. a Elemental composi-
tion of hemispherical regions 
on Ceftriaxone stone surface 
(Fig. 3a) illustrates higher sulfur 
and carbon. b Elemental com-
position of surface and internal 
regions (left of the spectra) of 
arrow-like minerals similar 
to the honeycomb structure 
(showed in Fig. 3b) illustrates 
higher sulfur and carbon. c Ele-
mental composition analyses of 
smaller spherical regions (white 
layer in Fig. 3c) illustrates 
higher phosphorus, calcium and 
oxygen, while carbon percent-
age is reduced by half. d Arrow-
like structure contains higher 
percentage of sulfur and carbon, 
whereas smaller spherical struc-
ture contains higher percentage 
of phosphorus and calcium with 
sodium and magnesium
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Fig. 5  Sulfur and phosphorus 
maps, and sulfur K-edge of Cef-
triaxone using XRF microprobe 
and XAS. a Spatial distributions 
of sulfur (elemental counts: 
0–1793) and phosphorus 
(0–203). b Scatter plots show 
selected regions of higher 
sulfur (> 1000) and phosphorus 
(> 50) using SMAK (Sam’s 
Microprobe Analysis Kit). c 
Segmented higher sulfur and 
phosphorus regions d Sulfur 
K-edge spectra are similar 
at three sulfur-rich regions 
represented by lower (3, blue 
area), medium (2, green area) 
and higher (1, red area) sulfur 
contents
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different spots illustrates higher, medium, and lower inten-
sities of sulfur, and these intensities were similar (Fig. 5d) 
indicating same sulfur speciation between sulfur and cal-
cium in Ceftriaxone stones.

Using light microscopy and micro-CT slices (Fig. 6a, b), 
the stitched yet higher resolution images obtained from SEM 
(Fig. 6a right) were overlaid with higher intensity sulfur 
and phosphorus (Fig. 6c) XRF maps by spatially correlat-
ing specific features within all the maps of the same stone. 
This allowed for gross geographic relationships of sulfur 
and phosphorus within the greater context of the structure 
of the stone. Spatial overlays of SEM and XRF maps and 
subsequent selected area EDX analyses (Fig. 7a) revealed 
colocalization of similar elements (Fig. 7b). These elemental 
maps showed two distinct phosphorus bands; calcium also 
showed higher intensity in the same location. Carbon and 
nitrogen intensity distributions were similar in the maps. 
Correlation of the XRF microprobe and EDX maps to spe-
cific features of the stone by SEM revealed the gross rela-
tionship between elemental to ultrastructural components 
of the cut yet structurally preserved Ceftriaxone specimen 
sections.

Discussion

Ceftriaxone, a third-generation cephalosporin with broad-
spectrum gram-negative coverage is a commonly used anti-
biotic in pediatric patients. This drug is specifically used 
in developing countries because it is safe and has a long 
biological half-life (5–9 h). However, the solubility of Cef-
triaxone is decreased when combined with calcium, and thus 
is more likely to form solid aggregates. Ceftriaxone also can 
form sludge/stone in the biliary (gallbladder) and urinary 
systems. Once Ceftriaxone induced stones obstruct the uri-
nary system, placing a double J ureteral stent and bypass-
ing the obstruction in conjunction with continued hydration 
resulted in stone breakage and subsequent stone passage; 
Ceftriaxone induced stones did not require laser or electro-
hydraulic lithotripsy for subsequent stone passage. Intact 
stone specimens used in this study were obtained from a 
6-month-old infant who passed the stone after one week of 
Ceftriaxone treatment.

Ceftriaxone-induced sludge has been observed in the 
gallbladder, kidney and ureter with characteristic posta-
coustic shadowing seen via ultrasonography during and after 
Ceftriaxone treatment. Intact Ceftriaxone induced calculi 
are indeed rare. Ceftriaxone induced sludge and an intact 
Ceftriaxone induced stone passed by a 6-month-old infant 
were systematically collected for this study and examined in 
detail using correlative microscopy and spectroscopy tech-
niques. Ceftriaxone stone mineral density was dramatically 
lower as compared to pediatric calcium oxalate and calcium 

phosphate calculi. In addition, large amounts of voids within 
stones compared with routine calcium-based pediatric stones 
were noted; these large voids were observed in millimeter 
scales when investigated with micro-CT; smaller sized voids 
were identified in the micron-scale honeycomb structures. 
Loose internal stone structure with lower mineral densities 
were likely in part responsible for plausible disaggregation 
and consequent stone passage with minimal endourologic 
intervention. The fragile structure may be a reason that more 
sludge rather than intact stones are collected and have been 
reported.

Urinary pH and quantitative urinary citrate were factors 
associated with Ceftriaxone induced nephrolithiasis [8]. 
Potassium citrate can decrease calcium excretion in urine 
[9]. It is unclear how or if urinary pH and citrate accelerate 
Ceftriaxone induced stone formation. To better understand 
Ceftriaxone induced stone formation detailed stone struc-
ture studies were undertaken. Stone surface investigations 
with EDX revealed most areas with sulfur, carbon, oxygen, 
and calcium. Ceftriaxone disodium salt has three sulfurs per 
unit—C18H18N8Na2O7S3. The average molar ratio of sulfur 
to calcium is 3:1; it appears that calcium replaced the vast 
majority of sodium in the Ceftriaxone stone when forming 
calcium Ceftriaxone according to the EDX results having no 
sodium in the honeycomb-like structure. There were areas 
with unique honeycomb-like structures with associated tiny 
spherical structures and higher percentages of phosphorus 
and calcium. Magnesium and sodium were also detected in 
the spheres. Our results suggest that Ceftriaxone induced 
stones are of a combination of calcium and phosphate. Patri-
cio et al., reported a 6-year-old patient suffered with a lower 
dose Ceftriaxone naturally passed out the stone as fragments 
following oral hydration. Infrared spectrometry revealed 
that the stone was composed of 90% Ceftriaxone and 10% 
calcium phosphate [10]. Calcium phosphate (Figs. 6b, c, 
7) formed a discontinuous shell within which Ceftriaxone 
aggregated crystals were observed.

It is noteworthy that Ceftriaxone treatment lasted 4 days 
for patient with pneumonia, fever, increased respiratory 
rate, collectively making it difficult for the infant to feed. 
This relative dehydrated state of the patient reduced urine 
volume and likely accelerated Ceftriaxone crystal aggrega-
tion. The Ceftriaxone induced stone spontaneously passed 
1 week after initiation of antibiotic therapy following which 
the infant’s clinical situation markedly improved. Dorea and 
Li found that breast milk contains calcium (252 mg/L) and 
phosphorus (143 mg/L) and the ratio of calcium to phos-
phorus is 1.7 [11, 12]. During the early stages of treatment, 
hydration of the infant was managed with intravenous fluids 
and as the condition improved, the infant was able to breast 
feed. It is likely during breast feeding, the peak phosphate 
excretion was found in urine. As such, the calcium phos-
phate was deposited onto the surface of the rapidly forming 
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Fig. 6  Colocalization of sulfur 
and phosphorus maps using 
scanning electron microscopy 
(SEM) and X-ray fluorescence 
spectroscopy. a Ceftriaxone 
cross-section of stereo micros-
copy (left) and SEM (right) 
images. b Higher and lower 
mineral densities (mg/cc) are 
illustrated in grayscale (left) and 
(left) and are further delineated 
in blue (lower) and red (higher) 
mineral density regions (right)). 
c Higher sulfur intensity 
(> 1000, left) and phosphorus 
(> 50, right) maps are shown 
in the figure. d Spatial overlay 
of structure and elemental 
composition specifically of 
stones containing higher sulfur 
(left) and phosphorus (right) are 
shown
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Fig. 7  Spatial maps of elements 
within Ceftriaxone stones using 
energy-dispersive X-ray spec-
trometer. Elemental maps local-
izing higher phosphorus regions 
(white box) in Ceftriaxone stone 
cross-section are shown. Higher 
phosphorus region also contains 
higher Ca content. C Carbon O 
Oxygen S Sulfur N Nitrogen Ca 
Calcium P Phosphorus
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Ceftriaxone stone. It is interesting that we found that the 
calcium phosphate rings appeared in a concentric fashion 
on the outer area of stone. These calcium phosphate rings 
likely sequester and adhere to the loosely associated calcium 
Ceftriaxone sludge/crystals and accelerate stone formation 
in comparison to sludge/crystal formation.

To help better understand the mechanism of Ceftriax-
one stone formations we subsequently studied Ceftriaxone 
induced crystal formation in vitro [Fig. 8 in Supplementary 
material]. Without phosphorus, Ceftriaxone combined with 
calcium could only form petal-like layered and cube sodium 
chloride crystals; these crystals were unable to aggregate to 
form solid stones.

Conclusion

Ceftriaxone-induced stones form rapidly and likely can 
be reversible by reducing urine Ceftriaxone concentration 
(stopping the antibiotic). Spot urine calcium and phosphate 
can be monitored during Ceftriaxone treatment to help 
reduce sludge from forming into stone material. However, 
once calcium and phosphate react and combine with Ceftri-
axone, the sludge matures into a stone and disaggregation 
becomes less likely. Increased urine output and monitoring 
urine pH can help reduce the calcium phosphate shell that 
promotes rapid Ceftriaxone induced stone formation.
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